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This thesis is dedicated to the conservation of the three black cockatoo species endemic to Western 
Australia, in the hope that its findings may improve conservation management and recovery plans 
for these species. This research and ongoing conservation efforts will then contribute to the 
persistence of these species in the Western Australian landscape, not only for the birds themselves 
but for the many people who love them and recognise their deep bond with the Western Australian 
landscape. 
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Historically it has been difficult to gain information on the movement ecology of psittacine species 
in Australia. Using a novel double-tagging telemetry method, this research, aimed to: investigate 
regional differences in movement of the three black cockatoo species endemic to Western Australia; 
identify key roost and foraging sites for these species across regions; and estimate home range sizes 
for flocks in resident areas, using a combination of GPS and satellite PTT tags. 
 
Tagged birds served as markers of flock movement once integrated into a wild flock of conspecifics, 
which was confirmed through means of behavioural change point analysis and field observations. 
Linear mixed models were used to determine differences in movement across regions, revisitation 
analysis was used to identify key habitat sites, and an auto-corrected Kernel density estimator was 
used to estimate the home ranges. 
 
Results showed that key roosts sites for the three species predominantly occurred on public green 
space and private property. These were closely associated with foraging habitat which mainly 
occurred as remnant vegetation in the landscape or as nature reserves. Riparian zones and roadside 
vegetation were shown to play a crucial role as foraging habitat and in providing connective landscape 
structures. Daily movement distances differed both between and within regions depending on habitat 
matrix, resulting in varying home range sizes. These results suggest that movement for the three black 
cockatoo species is region specific, driven by food resources in the landscape. In addition, between 
species, movement varied as each species uses the landscape in different ways, depending on seasonal 
movements and ecological requirements. 
  
This research has provided critical baseline data required to address knowledge gaps listed in 
Recovery Plans for these species of black cockatoo. Further research is now required to include these 
data in resource and habitat selection models to identify how the landscape matrix affects movement, 
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Chapter 1: General Introduction 
 
1.1 Animal movement ecology across scales 
 
Spatial scale is fundamental in the field of ecology as it affects the patterns of organisms and 
ecosystem processes (Levin 1992, Wheatley and Johnson 2009). Movement behaviour in animals 
varies across scales and is species dependent, as each species utilises the landscape in a unique way 
(Wiens 1989). Animal movement is predominantly driven by resources within the landscape and can 
take on many forms dependent on the requirements of the individual and the availability of 
appropriate resources (Hansson and Åkesson 2014). For the individual, movement across scales may 
vary as some individuals within a population undertake seasonal migrations that may be linked to 
breeding while other non-breeding individuals remain resident (Hansson and Åkesson 2014). Suitable 
habitat drives movement as well, since foraging resources undergo cyclic changes and thus affect 
animal movement in terms of spatial scale; there is a cost–benefit factor to migration in terms of 
fitness, where animals may opt for residency rather than moving to a new area depending on food 
availability (Hansson and Åkesson 2014, Shephard et al. 2015).  
 
Apart from differences in spatial scale of movement in taxa, or seasonal changes in quality of habitat, 
human modified landscapes also influence the degree of movement by animals. The majority of 
modified landscapes result in fragmented patches of suitable habitat that are spatially separated, and 
the effects of this on different species varies associated with each species’ landscape connectivity 
requirements (Gardner and Gustafson 2004, Hansson and Åkesson 2014). The adverse impact of 
spatial separation of habitat can increase when animals require different types of habitat for different 
activities such as foraging or roosting (Hansson and Åkesson 2014).  
 
Goodwin and Fahrig (1998) stated that the choice of scale over which to conduct movement research 
is not straightforward, particularly as the scale at which a population moves within the landscape 
changes over time. In addition, Wheatley and Johnson (2009) noted that both spatial grain and extent 
should be explored with regards to the biology of the study species, but as knowledge about species 
is often imperfect, scales at which research is conducted are often chosen arbitrarily. Their research 
concluded that sampling regimes should be consistent across multiple scales in order to improve our 
understanding of different processes and their relevance across scales (Wheatley and Johnson 2009). 
Although monitoring animals at only one scale has benefits, it is subject to bias and needs a rigorous 
framework that accounts for movement of species across scales to be able to correctly interpret the 
ecological processes present (Burton 2012, Stewart et al. 2018). Adding multiple scales to research 
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and considering macroecological scales can increase the duration of, and effort associated with a 
project, but is essential to attain new information on species’ movement patterns and habitat selection 
(Wheatley and Johnson 2009, Fuller and Harrison 2010, Toews et al. 2017). Therefore, multi-scale 
research supports both the view of local habitat from a species’ movement perspective and the 
species-specific relationships to habitat across scales (Wiens 1989, McAlpine et al. 2006).  
 
Ultimately, research at multiple scales provides a deeper understanding of animal movement 
processes and improves on science-based conservation management (Toews et al. 2017). It is crucial 
to identify and understand the ecological factors that influence the movement behaviour of an animal 
to be able to protect the appropriate habitat and manage the species’ population (Hansson and 
Åkesson 2014). Since most landscapes are modified through human processes, with the spatial 
separation of habitat as a result, the importance of identifying habitat and movement processes 
increases in order to conserve biodiversity (Tscharntke et al. 2005, Hansson and Åkesson 2014). 
 
1.2 Wildlife tracking and technical developments  
 
In the field of animal movement ecology, the technological developments have been tremendous, 
leading to a myriad of tools to monitor animal movements (Hansson and Åkesson 2014, Kranstauber 
2014). New technology has enabled ecological questions to be addressed, the answers to which were 
unattainable using traditional research methods. Traditional tracking methods, like VHF tracking or 
mark-recapture, are subject to bias as these are affected by climate conditions, time restrictions, tag 
loss and possibly influence the behaviour of subjects (Arnason and Mills 1981, Arthur and Schwartz 
1999). In addition, they are often labour intensive, not cost efficient and possibly restrict the sample 
size of data (Thomas et al. 2012, Kranstauber 2014). 
 
In order to track wildlife over large temporal and spatial scales, the development of novel techniques 
that captured high precision data was required (Hansson and Åkesson 2014, Kranstauber 2014). The 
need for long distance remote tracking devices led to the development of new satellite tracking 
technology that is small, autonomous and collects vast amounts of high resolution data (Thomas et 
al. 2012, Kranstauber 2014). The use of biologging tools, such as GPS and satellite tags, improved 
the accuracy of the monitoring data received, and also included additional data on spatial dimensions 
which could be analysed in a combined framework with other ecological and environmental data 
(Lindberg and Walker 2007, Lorini et al. 2011). GPS and satellite tags have revolutionised the study 
of animal movement and have advanced greatly into tools used to make inferences on the distribution 
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and movement parameters of animal populations (Webster et al. 2002, Lorini et al. 2011, Thomas et 
al. 2012).  
 
In birds, the attachment of telemetry tags to track long-term movements has been undertaken over the 
last 50 years. The need to attain new information on their behaviour across the landscape and more 
broadly across species, has been a motivation to develop smaller lightweight tags with greater 
recording capacity (Cochran and Lord Jr 1963, Bouten et al. 2013). McIntyre et al. (2000) stated that 
urban ecology, as an interdisciplinary field, could benefit from novel technology that can deal with 
the spatial scales of the urban environment. Since bird assemblages are good indicators of various 
levels of urban development, they are good candidates for telemetry studies, which could provide 
insight in the ecology of the individual within an urban landscape (Marzluff 2001). The work of 
Bouten et al. (2013) on solar powered, lightweight GPS transmitters suggested that, in relation to the 
development of new tags, a 50% reduction in weight could be expected every few years. Geen et al. 
(2019) stated that as the mass of tags continues to decline and the information gathered from tags 
improves, greater numbers of birds are predicted to be tagged in the future. As the assessment of 
animal populations and their distribution over global, regional and local scales greatly relies on the 
analysis of spatial data, the use of telemetry tags is essential and will be subject to further 
technological advances. 
 
To date, satellite telemetry data has been predominantly used to look at migratory behavior (Shephard 
et al. 2015), distribution patterns (Hamer et al. 2000, Martell et al. 2001) and home range and 
utilisation distribution of fauna (Demšar et al. 2015). Modern day tracking technology, however, 
allows us to visualise in great detail features of the animals’ ecology at a spatio-temporal scale which 
could not previously be achieved by traditional tracking methods (Demšar et al. 2015). At present, 
there are GPS tags available that make it possible to monitor both fine-scale and landscape level 
movement, that provide movement data in 3D (Bouten et al. 2013, Leos‐Barajas et al. 2017). GPS 
tags can contain an accelerometer and may be programmed to gather data at measurement intervals 
of a few seconds, allowing for the calculation of activity and behaviour patterns (e.g. Shamoun-
Baranes et al. 2012, Bouten et al. 2013, Bom et al. 2014). Figure 1.1 shows an example of data 
collection through telemetry at different scales, enabling data collection on long-term movement 
behaviour over a large scale in combination with the identification of movement behaviour at a local 





Figure 1.1: Satellite and GPS data of a black cockatoo in Western Australia, Perth. a) 30 days of GPS (green) and satellite 
data (red) for a flock of black cockatoos on a regional scale b) GPS data for a flock of black cockatoos on a local scale.  
 
Improvements in biologging techniques and their ability to gather data at finer spatial scales and 
temporal resolutions resulted in often very large datasets (Edelhoff et al. 2016). Due to data of this 
quality, that could be used to answer a multitude of questions on an animal’s movements, a necessity 
existed for a wide variety of methods to quantify movement data (Gurarie 2008, López-López et al. 
2016). Jonsen et al. (2005) stated correctly that, because of the characteristics of such data and the 
intricacy of the behavioural processes affiliated with the data, the choice of analysis methods is not 
trivial. In fact, as analytical methods are abundant and ever evolving, a priori knowledge on individual 
datasets and species behaviour is required to determine appropriate analytical methods. In addition, 
caution needs to be exercised when making inferences at the population level when only small sample 
sizes are being analysed (Lindberg and Walker 2007, Thaxter et al. 2017). Lindberg and Walker 
(2007) concluded, in their review on sample sizes and restrictions, that tracking research could benefit 
from additional observations (e.g. focal field surveys). Furthermore, Wheatley et al. (2009) advocated 
that in order to make cross-scalar predictions, a multi-scale research design was necessary. 
 
1.3 Black Cockatoos in Western Australia 
 
Three species of black cockatoos are endemic to the South West of Western Australia, Carnaby’s 
cockatoo (Calyptorhynchus latirostris), Baudin’s cockatoo (Calyptorhynchus baudinii) and forest 
red-tailed black cockatoo (Calyptorhynchus banksii naso). Carnaby’s cockatoos and Baudin’s 
cockatoos are listed at a state and federal level as Endangered, and forest red-tailed black cockatoos 
are listed as Vulnerable (refs), with all three species listed as Matters of National Environmental 
Significance under the Environmental Protection and Biodiversity Conservation act (Department of 
5 
 
Sustainability, Environment, Water, Population and Communities 2012). People have strong cultural 
associations with these iconic birds, and they are often adopted as flagship species for habitat 
conservation (Ainsworth et al. 2016).  
 
The predominant threatening factor for these species is loss of habitat, specifically loss of foraging, 
roosting and breeding habitat, however other threats include: loss of nest hollows due to competition 
with other psittacine species or feral bees, illegal shooting, vehicle strike and disease (Maron 2005, 
Department of Environment and Conservation 2008, 2012, Le Souef et al. 2013, Groom et al. 2015). 
The three species of black cockatoo are directly threatened by increasing urbanisation, associated 
habitat fragmentation and clearing of remnant vegetation within urban and peri-urban areas (Saunders 
1974a, Saunders 1990, Maron 2005, Johnstone and Kirkby 2008, Davis et al. 2013). Historically, 
most of the habitat of Carnaby’s cockatoo has been cleared in regional areas for agricultural purposes, 
with an overall estimated loss of 90% of the native vegetation in the south-west of Western Australia 
(Johnstone and Kirkby 2008). The only large areas of woodland are located in nature reserves, with 
the remaining remnant vegetation patchily distributed throughout the landscape (Johnstone and 
Kirkby 2008). In addition, black cockatoos are a k-selected species, with a long lifespan and low rate 
of recruitment, which further impacts the ability of these species to respond to the pressures associated 
with habitat loss in urban and regional areas (Biggs et al. 2011, Fuller 2012).  
 
The three black cockatoo species feed on a wide variety of eucalypt and proteaceous plants including 
banksia, jarrah (Eucalyptus marginata) and marri (Corymbia calophylla), which are considered to be 
key food sources (Johnstone and Kirkby 2008, Biggs et al. 2011). However, Carnaby’s cockatoos 
also feed on a variety of non-native species, such as pine (Pinus spp.), wild radish (Raphanus 
raphanistrum) and canola (Brassica napus), and forest red-tailed black cockatoos on cape lilac (Melia 
azedarach) (Valentine and Stock 2008, Stock et al. 2013, Johnstone and Kirkby 2018). In regards to 
non-native food sources, Baudin’s cockatoos are attracted to pome fruit orchards, where flocks can 
significantly damage produce in orchards that are not netted, a fact that has led to this species being 
perceived as a pest in certain agricultural regions, with illegal shootings occurring as a result 
(Saunders 1990, Johnstone and Kirkby 2008).  
 
1.3.1 Carnaby’s cockatoo 
 
Carnaby’s cockatoos feed predominantly on marri, jarrah and a variety of Proteaceae and heath 
species, although they are known to feed on non-native species as well, such as pine and canola 






Figure 1.2: Modelled distribution map for Carnaby’s cockatoos (Calyptorhynchus latirostris) in Western Australia 
(adapted from Department of Sustainability, Environment, Water, Populations and Communities 2012); Picture: Male 
Carnaby’s cockatoo on the left (black bill) and female Carnaby’s cockatoo (white bill) on the right, foraging in a marri 




Carnaby´s cockatoos have the most extensive distribution range of all three taxa. They nest in hollows 
in large eucalypt trees, primarily wandoo (Eucalyptus wandoo) or salmon gum (Eucalyptus 
salmonophloia) and most breeding occurs in the semi-arid and sub-humid regions (on average ± 300-
700 mm rainfall) of the interior eucalypt woodlands of Western Australia (Johnstone and Kirkby 
2010). Between December and July they migrate from inland breeding grounds back to coastal areas 
on the Swan Coastal Plain (SCP) and the Southwest of Western Australia, and feed on pine and native 
heath communities in these regions (Johnstone et al. 1998, Finn et al. 2009). The distribution of 
Carnaby’s cockatoos has seen a shift towards the SCP and southwards over the last 50-60 years 
(Johnstone et al. 1998, Johnstone and Kirkby 2005). Their population has previously been estimated 
at 40,000 individuals, although this could be far less at present (Weerheim 2008).  
 
1.3.2 Forest red-tailed black cockatoo 
 
The forest red-tailed black cockatoo is a forest specialist and feeds mainly on the seeds of marri and 
jarrah. According to the fieldwork conducted by Johnstone et al. (2013), which included observational 
data, nest searches and leg banding, the species is known to breed every two years and it is likely that 
only 10 % of the population attempts to breed every year (Johnstone and Kirkby 2005). Unlike the 
other two species of black cockatoo in Western Australia which undertake seasonal migrations, 
RTBC have been reported to be sedentary, showing yearly resident movements in relatively close 
proximity to known breeding areas (Johnstone and Kirkby 1999, Johnstone et al. 2013). 
  
Since the majority of the RTBC’s diet consists of marri seeds, their range greatly overlaps with that 
of the Baudin’s cockatoo and basically follows the distribution of its main food resource (Saunders 
1980, Saunders et al. 1985, Johnstone and Kirkby 1999). Their distribution ranges from the northern 
Jarrah Forests to the dense eucalypt woodlands in the Great Southern Region of Western Australia 
(McKenzie et al. 2003). They are also regularly seen in numerous suburbs on the SCP (Johnstone and 
Kirkby 2010, Groom et al. 2014). In 2010, Johnstone and Kirkby (2010) reported on an expansion in 
foraging east into the Wheatbelt and west onto the SCP. The population of RTBC has seen a steady 
decline in WA, as the population was estimated to be between 16,000 and 26,000 individuals in 1998 






Figure 1.3: Modelled distribution map for forest red-tailed black cockatoos (Calyptorhynchus banksii naso) in Western 
Australia (adapted from Department of Sustainability, Environment, Water , Populations and Communities 2012); Bottom 
left: a female forest red-tailed black cockatoo (white bill, striped tail feathers) with a male to the right of her (black bill, 
red tail feathers); Bottom right: Forest red-tailed black cockatoo fledgling, for males feathers resemble the feathers of the 





1.3.3 Baudin´s cockatoo 
 
The Baudin’s cockatoo, or long-billed cockatoo, feeds predominantly on marri seeds (Higgins 1999). 
Its long bill is specialised to extract seeds without crushing the fruit (Cooper et al. 2002). Its diet 
consists mainly of marri seeds and this species only breeds in heavily forested areas of jarrah in the 
South West (Higgins 1999, McKenzie et al. 2003).  
 
Baudin’s cockatoos occur mostly in the subhumid and humid zones of the southwest (areas rainfall ± 
600 mm) (Johnstone and Kirkby 2010). This species mainly breeds during summer months (between 
November and February) in karri trees (Eucalyptus diversicolor) in the southern jarrah forest 
bioregion (Higgins 1999, McKenzie et al. 2003). During the colder seasons from February to July, 
flocks of Baudin’s cockatoos move to north-eastern regions where they occasionally forage in 
orchards, which is why these birds have been described as a pest to fruit orchardists (Johnstone et al. 
1998, Chapman 2007). Their population size had been estimated at between 15,000 and 20,000 
individuals in the past, although at present the population is estimated at 5000 to 8000 individuals 
and has therefore been re-classified as Endangered at state and federal levels in 2018 (Johnstone and 
Kirkby 2018, Department of Environment and Energy 2019a). 
 
1.3.4 The state of black cockatoo research 
 
Previous studies on black cockatoo species in Western Australia have relied heavily on observational 
data and often efforts were focused on specific sites (Saunders et al. 1985, Finn et al. 2009, Lee et al. 
2013, Williams et al. 2017). Despite this prior research, Johnstone and Kirkby (2008) reported that 
there remained a paucity of information about these species’ movement patterns and location of 
critical feeding and breeding habitat, and suggested that further research was required to establish 
information on roost sites, foraging patterns and the dispersal of the black cockatoo species 
throughout the South West.  
 
Prior to this study, there have been two landscape scale studies using satellite PTT tags to demonstrate 
the feasibility of research using telemetry in order to gain further knowledge on the movement 
ecology of these species (Groom et al. 2015, Yeap et al. 2015, Groom et al. 2017). These satellite 
PTT tracking studies were combined with ground truthing to methodically gain behavioural data on 
flocks to verify assumptions on carrying capacity in relation to food availability at different times 
(Finn et al. 2009), and to determine the ecological drivers that were directly related to flock 





Figure 1.4: Modelled distribution map for Baudin’s cockatoos (Calyptorhynchus baudinii) in Western Australia (adapted 
from Department of Sustainability, Environment, Water, Populations and Communities 2012); Bottom left: a male 







However, there was still the need for fine-scale movement data to provide missing ecological 
information and to expand research efforts to the South West of Western Australia to document how 
flocks of black cockatoos moved in these regions. In addition, fine-scale movement data, obtained 
through GPS telemetry, is needed to investigate daily movement activity of individuals and their 
associated flocks at a local as well as a regional level. 
  
1.4 Research objectives 
 
This research aimed to gain new insights into the movement patterns and habitat use of the Carnaby’s 
cockatoo, Baudin’s cockatoo and forest red-tailed black cockatoo A combination of fine-scale and 
broad-scale data, as well as field observations, can provide a more detailed picture of the ecology of 
these species, and facilitate the gathering of necessary data to produce new information required for 
management and conservation strategies for the recovery of these species. Accordingly, I used a 
multiscale approach to investigate movement data of the three black cockatoo species in Western 
Australia, using GPS, satellite PTT telemetry data and focal field flock follow observations.  
 
Broadly this research aimed to:  
 
- Determine the patterns and significance of movement. 
- Identify important sites of remnant and native vegetation, movement corridors and potential 
zones of human-wildlife conflict. 
- Assess integration of rehabilitated black cockatoos into wild flocks.  
 
To investigate how these species use the landscape, it is important to determine the home range of 
individual flocks in their resident areas and to identify the key habitat sites that lie within. Aside from 
capturing movement within a particular region, the satellite data will enable us to see how the flocks 
move through the landscape over large spatial scales, and determine over which spatial and temporal 
scale flocks move both within and between geographic regions. The combination of the fine-scale 
movement data from the GPS tag and the broader scale movement data from the satellite tag will 
allow us to compare distribution and range for the three species across different geographic scales, 





The specific objectives of the chapter for each species focused on:  
- determining whether there were differences in movement patterns between regions. 
- identifying key habitat sites (foraging, roosting, potential corridors). 
- determining home ranges for the resident areas in different regions. 
 
Information gained from the investigation of these individual objectives will identify potential factors 
that influence movement, key local resources and the preference for these over different seasons. In 
addition, it will provide a better understanding as to how these species move through the landscape 
and why, which benefits conservation management strategies for these species and informs Recovery 
Plans. Furthermore, outcomes from this research will be able to increase awareness for these 
threatened species, inform decision makers with regards to determining best-practice land use for 
cockatoo protection, and demonstrate the importance of local regions as specific habitat for black 
cockatoos.  
 
To date, it has been difficult to address key objectives of these species’ Recovery Plans, including 
identification of important sites and critical breeding and foraging habitat for these species, and 
determining movement patterns and distribution of these species and their significance, as it is hard 
to reliably follow flocks and gather information based on observation alone. Advances in tracking 
technology have meant that we can track individual birds, but also have birds, once integrated into a 
wild flock, serve as markers of flock movement.  
 
1.5 Thesis chapter structure 
 
Chapter 2 outlines the general methodology used for the research project. It describes the study birds, 
the procedures associated with tag attachment and programming of the GPS and satellite tags, release 
site selection and the fieldwork protocol. It discusses the methods for analysis of the data for both the 
GPS and satellite PTT data, and the methodology developed to confirm that tagged birds joined a 
flock. This method which used behavioural change point analysis to confirm flock integration has 
been published in the Journal of Wildlife Management (Rycken et al. 2019).  
 
Chapter 3 describes the movement ecology of Carnaby’s cockatoos that were tracked in the northern 
and southern part of their distribution. This chapter investigates flocks of Carnaby’s cockatoos in 
Gingin, Albany and Esperance to assess whether differences occurred in movement in these different 
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regions. This allowed for a comparison of movement data collected from both satellite PTT and GPS 
tags and determination of home ranges in different geographic parts of the species’ home range.  
 
Chapter 4 outlines the movement analysis and tracking of forest red-tailed black cockatoos in urban 
and forest regions. Specifically, this research focused on whether differences in movement occurred 
between regions and what the extent of these movement were for flocks within the same region and 
flocks in different regions. In addition, the chapter analyses fine scale movement data of forest red-
tailed black cockatoos in the urban environment, and calculated the frequency of use of roadside 
vegetation and whether this differed between the Urban and Peri-urban regions.  
 
Chapter 5 documents the movement ecology of the Baudin´s cockatoo over three different regions – 
Urban, Peri-urban and Forest regions. The chapter investigates potential differences in movement of 
the species between regions and discusses the factors that may influence movement patterns. This 
chapter also discusses the potential dependence of Baudin’s cockatoos on large green zones, in the 
form of reserves or forest as connective structures in the landscape. 
 
Chapter 6 is a synthesis of the findings of the species-specific chapters. It discusses the regional 
variation in movement for each species and how this implicates conservation management practices 
for black cockatoos. Key habitat sites for black cockatoos are addressed, as these are important 
features that need to be preserved but also properly managed to avoid potential human-wildlife 
conflicts, such as vehicle strikes. Finally, this chapter considers directions for future research and 















Chapter 2: Methodology and Analysis 
 
The development of animal tracking technology has seen major advances over the last three decades, 
with very large volumes of data able to be collected and analysed using sophisticated movement 
ecology methods (Gurarie 2008, Bridge et al. 2011). Animal tracking data are commonly used to gain 
ecological knowledge of migratory and local movements of species, to estimate habitat and 
distribution, and to uncover foraging strategies (López-López et al. 2013, López-López et al. 2016, 
Murgatroyd et al. 2016).  
 
2.1 Study birds 
 
Each year over 250 wild black cockatoos, from all three species endemic to Western Australia 
(Baudin’s cockatoo, Carnaby’s cockatoo, forest red-tailed black cockatoo) are admitted to Perth Zoo 
Veterinary Department following injury or illness. These birds undergo clinical examination with 
diagnostic work-up and treatment, and those that are considered suitable for release are transferred to 
Kaarakin Black Cockatoo Conservation Centre (hereafter referred to as Kaarakin) for rehabilitation, 
prior to release back to the wild. Birds spend varying periods of time at Kaarakin, progressing through 
different aviaries over time, and spending their final stage of rehabilitation in a 64 m flight aviary. 
The birds are grouped with other individuals of the same species in preparation for release.  
 
This research attached satellite and GPS tags to birds that were rehabilitated and ready for release 
back into the wild. Previous research involving satellite tracking of black cockatoos indicates that 
these birds socially integrated well into wild resident flocks following release, demonstrating natural 
wild behaviours and interactions with individuals from the resident flock, and acting as markers for 
the flocks’ movements (Yeap et al. 2015, Groom et al. 2017). For the present research, tags were 
attached to four birds within each release flock, with varying overall numbers of birds in the release 
flocks. All birds selected for tag attachment had blood samples collected for haematology and 
biochemistry analysis, and were determined to be healthy. Blood was placed on Whatman® filter 
paper (Merck, Darmstadt, Germany) for DNA sexing and beak and feather disease screening, and 
combined conjunctival, choanal and cloacal swabs were screened for chlamydia; all results for disease 
screening were negative. Additionally, a pooled faecal sample was collected from the release groups 
for parasitology screening, and all results were negative. Birds selected for tag attachment were 
generally double-mounted with GPS and satellite tags as outlined below, however on occasion 
satellite tags only were attached to some individuals. Following the attachment of the tags, birds were 
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observed for a day in their enclosure to ensure normal behaviour, and were then released into a wild 
conspecific flock two days after tag attachment. Birds were observed to confirm normal behaviour 
and to ensure that they had not damaged either the satellite or GPS tag. If damage was confirmed the 
tag was removed.  
 
Additionally, all birds in the release group were fitted with numbered and coloured leg bands by staff 
from the Department of Biodiversity, Conservation and Attractions (DBCA) (Carnaby’s cockatoos – 
two colour leg bands on right leg, numbered leg band (Australian Bird and Bat Banding Scheme metal 
bands) on left leg; Baudin’s cockatoos – two colour leg bands on right leg, numbered leg band on left 
leg; forest red-tailed black cockatoos – two colour leg bands on left leg, numbered leg band on right 
leg). Initially, all birds were tail painted with a colour (and a letter for Carnaby’s cockatoos and 
Baudin’s cockatoos) for observation purposes post release, however following the wedge-tail eagle 
predation of a bird released in a rural area, the decision was made to only tail paint birds that were 
released in metropolitan areas. Each release group of birds was released into a large resident flock of 
conspecifics, and the release sites were selected as outlined in Section 2.3. Following release, data 
from the satellite tags were used to locate individuals, in order to facilitate field observation through 
flock follows and to collect data on food sources, as well as to recover satellite tags following normal 
tail moult or to determine the fate of the bird where a satellite tag was determined to be stationary.  
 
2.2 Tag attachment and programming schedule 
 
Of the 69 black cockatoos which were released, 38 individuals were fitted with a satellite tag, and 34 
of these birds were also equipped with a GPS tag (double mounted; Table 2.2). The two tag types 
functioned independently, with the location fixes from the satellite tag used to determine the location 
of individual birds in the field, to enable manual download of the GPS data. In the field, satellite tags 
functioned between zero and 407 days (mean 127 days ± SD 113) before moulting or communication 
failure occurred, whereas the GPS unit remained on the bird for anywhere between zero and 68 days 
(mean 11.5 days ± SD 21.8) for this project. 
 
2.2.1 Satellite telemetry 
 
Satellite tag attachment 
 
The satellite tag was a TAV-2617 (Telonics®, Mesa, United States) which weighed 17 grams and 
was 6.43 cm long, 2.1 cm wide, and 1 cm high (Fig. 2.1b,d). The Telonics satellite tag was attached 
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to the birds as described in Groom et al. (2015). Birds were anaesthetised using isoflurane inhalational 
anaesthesia for the duration of the tag attachment procedure, which was approximately 45 minutes 
for a double mounted bird and 20 minutes for a single mounted bird (Le Souef et al. 2013, Groom et 
al. 2015). The satellite tag was attached to the ventral surface of the two central tail feathers, 2 cm 
distally along the shaft of the feather from its place of insertion into the body, as described in Groom 
et al. (2015) (Fig. 2.1b). Previous research has shown that the birds’ flight and natural behaviour 
appear unaffected by the tags which are well tolerated, and are shed with the tail feathers during the 
natural moult cycle (Groom et al. 2017, Yeap et al. 2017). The choice of tag and mounting procedure 
were chosen following an extensive attachment trial reported in (Yeap et al. 2017). A single tag would 
have been optimal but a dorsal mounted solar tag was obscured by the birds wings and failed to 
recharge, ventral mounted tags ran out of battery too quickly to address the aims of the research and 
a back mounted tag could be removed or destroyed by the bird or during allo-preening, again failing 
to meet the study objectives. The weight of the satellite tag represented between 2.35% and 3.25% of 
the study birds’ bodyweights.  
 
Satellite telemetry programming  
 
The satellite tags were programmed to enable the tag to communicate with satellites during either 
morning (6:00 - 10:00) or night (20:00 - 00:00) transmission blocks. The morning transmission block 
was scheduled to enable flock follows for visual observations to be undertaken when the birds were 
foraging, and the night transmission block was scheduled at a time when the birds were roosting, to 
facilitate the download of GPS data. The specific times for satellite transmission were determined by 
reviewing periods of satellite pass-over for the southwest of Western Australia (Telonics 2017), and 
each transmission block was scheduled for four hours to allow sufficient time for the overpass of at 
least two or three satellites. Communication between satellites and tags was highly dependent on time 
of day, atmospheric conditions, and the number of orbiting satellites. All location fixes were gathered 
through the ARGOS satellite-based positioning system (ARGOS CLS System 2018). Location fixes 
were sorted by accuracy class. Location accuracy classes (LC) ranged between LC3 (within a radius 
of 250 m), LC2 (within a radius of 500 m), LC1 (within a radius of 1500 m), and LC 0 (greater than 
1500 m). The Location fixes used for analysis were LC2 and LC3. Any fixes that were considered 
implausible were removed; for instance, locations over open water bodies (Shephard et al. 2015). 
 
Three different communication periods were used in the programming schedule, to maximise data 
capture (Table 2.1). Communication Period 1 was scheduled for the first 14 days post-release and had 
intensive programming, comprising a three-day consecutive communication schedule (frequency) of 
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night (8PM)/ morning (6AM)/ night (8PM) transmission blocks (every transmission block had a 
duration of four hours), repeated continuously until the end of the season. This programming schedule 
for Communication Period 1 was applied to all releases, with the exception of the first two releases 
at Kalamunda and Murdoch University. These first two releases used a morning and a night 
transmission block every other day for 14 days. Communication Period 2 started at Day 15 for all 
releases, and comprised a communication period of four days, reoccurring every 14 days for a 
duration of two months. The four-day communication periods were scheduled over consecutive days 
as night/night/morning/night transmission blocks. Following this, Communication Period 3, for all 
releases, comprised a communication period of three consecutive days as night/night/morning 
transmission blocks, reoccurring every 30 days indefinitely until the tag stopped communicating due 
to depletion of the battery. 
 
Table 2.1. Programming schedule for the satellite tags attached to subjects of the three black cockatoo species. 
 Frequency  Day 1 Day 2 Day 3  
Comm. Period 1 3d Start 8PM 6AM 8PM  
14 days  Duration 4h 4h 4h  
   Day 1 Day 2 Day 3 Day 4 
Comm. Period 2 14d Start 8PM 8PM 6AM 8PM 
2 months  Duration 4h 4h 4h 4h 
   Day 1 Day 2 Day 3  
Comm. Period 3 30d Start 8 PM 8PM 6AM  
indefinitely  Duration 4h 4h 4h  
 
2.2.2 GPS telemetry  
 
GPS tag attachment 
 
The GPS tag used was a solar-powered University of Amsterdam Bird Tracking System tag, model 
2CDSe, 52x22x9 mm in size with a weight of 7.5 g, a battery of 65 mAh, and an internal antenna 
(Bouten et al. 2013, Fig. 2.1c,e). The tag contains a GPS receiver, 32 Mb of memory storage, and a 
microprocessor. The 32Mb flash drive allows for the storage of 500,000 GPS fixes (UvA Bird 
Tracking System 2017). The tag is also equipped with a tri-axial accelerometer, which measures the 
three dimensional position of the mounted tag. These data can be interpreted using a machine learning 
algorithm to differentiate types of movement, such as flying, roosting and walking, and are useful in 
the classification of movement activity, behaviour and energy budgets (Bouten et al. 2013). Yeap et 
al. (2019) classified black cockatoo behaviours (flying, feeding and resting) through video 
interpretation of footage collected in aviaries. This was achieved through careful observation of 
individual birds’ behaviours which was simultaneously matched to the accelerometer readings of the 
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tag of the individual. After validation this data was used to instruct software to recognise wave 
patterns in the data and designate these to different behavioural categories (Brown et al. 2013). This 
model was applied to the accelerometer data collected in this research for additional interpretation of 
the behaviour of black cockatoo flocks in the wild.  
 
The combined weight of the two tags (GPS and satellite) ranged from 3.38% to 4.69% of the subject’s 
total bodyweight, remaining under 5% as recommended in accepted wildlife tracking guidelines 
(Cochran 1980, Kenward 2001, Gursky 2015, Yeap et al. 2017). The duration of tag retention on wild 
animals is an ethical consideration for tracking studies; in this study, both tags could be removed by 
the birds if they chose to do so. However, the birds generally left the satellite tags in place until they 
moulted out during the natural tail feather moult cycle, which occurs annually post-breeding season 
for Carnaby’s and Baudin’s cockatoos, and over a one to two year period in red tailed black cockatoos. 
The GPS tags were also well tolerated, but were located in a prominent position on the birds’ backs, 




Figure 2.1: a) Anaesthetised forest red-tailed black cockatoo with double-mounted GPS and satellite tags; b) Satellite tag 
attached to the ventral surface of central tail feathers; c) solar-powered GPS tag attached to a plastic backing plate attached 
to the back feathers of an anaesthetised bird; d) Satellite tag that has been moulted out with the tail feathers and retrieved 
in the field; e) GPS tags prior to attachment. 
 
GPS telemetry programming 
 
Following tag attachment, birds were housed in a flight aviary for two days prior to release. During 
this time the tag was programmed to communicate with the base station every 30 minutes. A failed 
communication might indicate that the bird had damaged the tag and it was important to be able to 
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identify this before the bird was released. On the day of release, a ‘Release Program’ was uploaded. 
The Release Program comprised an intensive schedule of communication during the day, to ensure 
maximum data collection; and a less intensive schedule during the night, to minimise battery 
depletion. During the day, the tag was programmed to communicate every 10 minutes, and to record 
location fixes and accelerometer samples (20) every 2.5 - 15 minutes depending on battery charge. 
At night, the tag was programmed to only record location fixes every 30 minutes. Significant drops 
in the solar charge due to poor weather conditions could result in data gaps. The data were 
downloaded in the field using an antenna base station. The receiver field was extended with the use 
of a relay antenna. 
 
2.3 Release sites 
 
Release sites were chosen at active roosts of wild conspecific flocks. Only those habitats known to 
have a resident population and with adequate potential food resources were chosen as release sites, 
in accordance with published recommendations (Chapman 2008, Department of Parks and Wildlife 
2015). Each release site was monitored weekly for around four weeks prior to the release date. Sites 
were visited approximately 30 minutes prior to sunset to gain insights about the population size and 
the frequency with which roosts were visited. The occupancy of a roost would then be verified on the 
three nights prior to the day of the release. The aim was to release at a site occupied by a wild flock 
of at least 30 or more individuals. Site characteristics that were taken into account included density 
of food resources, accessibility to the site to perform data downloads, and safety of the area (e.g. 
potential threats to the birds from vehicle strike due to nearby roads). The choice of a release site was 
based largely on information provided by collaborators and through monitoring of flock activities in 
the area. All study sites and release areas were predetermined through communication with the 
Department of Biodiversity, Conservation and Attractions, in collaboration with Associate Professor 
Kris Warren and Dr. Jill Shephard who manage the Black Cockatoo Conservation Project at Murdoch 
University, and other sponsors with interests in the conservation of the three black cockatoo species 
on the SCP. Over the full term of this project, 10 releases were undertaken in nine different areas, and 




Figure 2.2: a) Release sites; b) modelled distribution Baudin’s cockatoo; c) modelled distribution Carnaby’s cockatoo; d) 
modelled distribution forest red-tailed Black cockatoo (b, c and d source: Department of Sustainability, Environment, 
Water, Population and Communities 2012). 
 
Between 2015 and 2017, a total of 69 black cockatoos were released in 10 releases at nine different 
locations across the southwest of Western Australia (Table 2.2, Fig. 2.2; See Appendix 1. for more 
details on all released individuals). These release sites were each home to a local flock, and were 
located in specific areas of interest across the species’ distribution ranges. These areas of interest 
included areas on the boundaries of a species’ range, and those with high logging activity, recent 
wildfires or known food resources, as well as areas for which there were knowledge gaps regarding 





Table 2.2. Release information for individuals released at each site. 
 








Kalamunda 7/08/2015 9 4 0 
Murdoch 
University 
26/08/2015 6 4 0 
Gingin 10/03/2016 7 4 0 
Esperance 6/04/2016 5 4 0 
Nannup 2/11/2016 6 4 0 
Albany 9/03/2017 4 1 1 
Stirling Range 4/05/2017 7 4 0 
Denmark 8/06/2017 9 3 1 
 Gingin 10/08/2017 6 3 1 
Waroona 21/09/2017 10 3 1 
  69 34 4 
 
2.4 Fieldwork protocol  
 
Fieldwork schedules were determined by the programming schedule of the Telonics satellite tag and 
its available location fixes, and their location class (collected during the tag communication periods). 
The location of the bird was determined using the processed satellite data available through the 
ARGOS website (Argos 2018). This location was then used as the geographic starting point to locate 
the bird and download the GPS data using the base station antenna and relay, or to facilitate a day 
time flock follow as outlined below. 
 
2.4.1 Fieldwork conducted at night 
 
GPS data were downloaded from tagged birds at night roosts. Night transmission blocks for the 
Telonics satellite tag were scheduled to enable identification of the roost sites and allow sufficient 
travel time to enable GPS download. Downloading GPS data whilst birds roosted at night provided 
the best opportunity to achieve successful download of data stored on the birds’ tags, as black 
cockatoos are highly mobile during the day. During the four hour transmission block (20:00 - 00:00), 
location fixes were accessed through the ARGOS website and exported into Google Earth to identify 
the location of the target bird. Location Fixes with LC3 were primarily used to determine location, as 
these fixes were accurate within a radius of 250 m. Upon arrival at the area, possible roosting trees 
were identified. Roost trees are typically large gum trees such as salmon gum, flooded gum 
(Eucalyptus grandis) or lemon scented gum (Corymbia citriodora), as reported in Johnstone and 
Kirkby (2010) and Le Roux (2017). Large flocks of black cockatoos will often roost in several roost 
trees within close proximity; which can complicate the GPS data download process, as the GPS base 
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station antennae are theoretically capable of joining to multiple tags within 1 km radius, meaning that 
downloads could potentially be blocked if another tag had already joined to the base station to 
download data. Tags were programmed to communicate with the base station at 10 minute intervals, 
24 hours a day. The actual distance associated with successful communication depended on the 
position of the tag relative to the base station, as well as the density of surrounding vegetation and 
weather conditions. For example, wind or rain reduced the reception distance. A relay antenna was 
used to increase reception range and the likelihood of successful communication. This was placed in 
the environment opposite the base station, with the bird at the centre (Fig. 2.3). On any one night 
there would be several birds with tags that were transmitting, so three attempts of communication 
were made with the base station and relay set-up in a particular location, before abandoning 
communication attempts with that particular bird, and moving on to another bird to attempt data 
download. The time taken to download data from an individual study bird took approximately 30 - 
45 minutes, to allow for at least three communication attempts. For each attempt, the positions of the 
base station and the relay were changed to a different location to try and facilitate a full data download 
(see Fig. 2.3a). Figures 2.3a and 2.3b illustrate three different possible set-ups. The different colours 
in Figure 2.3b illustrate the different setups on opposite sides of the location fix; exact set-up locations 
depend on the ease of access around the location. Figure 2.3c shows the roosts as identified by the 
GPS data; the yellow circles show the points of access to the site. It is important to note that the 
options for approach to a roost site and the actual setup for data collection may be changed or limited 
due to a range of on-ground variables, including access to the location (private versus public land), 
amount and type of vegetation, and weather conditions.  
 
2.4.1 Fieldwork conducted during the day 
 
Daytime satellite transmission blocks (06:00 - 10:00) were used to locate tagged birds and their 
flocks, and to complete systematic flock follows to record specific flock activity such as foraging. As 
described in Groom et al. (2017), an Argos Locator Al-1 was also used to pick up the VHF signals 
transmitted by individual satellite tags, identifying the specific location of study birds within their 
flocks, to facilitate direct observation. This was only possible during the transmission period. 
Immediately post-release, the morning transmission blocks were used to follow tagged birds and 
assess whether these birds integrated into the flock successfully, and could therefore be considered 
as a marker of that wild flock. The date of integration was recorded, and later, depending on the 
availability of GPS data, date were verified by behavioural change point analysis (BCPA) (see Section 
2.6). Once a study bird was determined to have integrated into a flock, the tagged bird and its flock 






Figure 2.3: Picture demonstrating fieldwork protocol for manually downloading GPS data with the help of a base station 
and a relay. a) different setups for data collection with a base station (B) on one side and a relay(R) on the other (yellow 
dots), the red dots with the circle around them represent the location fixes with their radius (250 m); b) 3 different previous 
setups with a base station and a relay on opposite sides of each other (blue yellow and red), targeting bird number 151395 
in an attempt to download its GPS data; c) showing the collected GPS data (green) which reveal the actual roost sites 
(blue circles). The yellow circles demonstrate the points of access to this particular block. 
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During a flock follow, a scan sampling method was used (Altmann 1974), with each scan lasting for 
a one minute period, and with a scan undertaken every ten minutes for as long as the flock could be 
followed. During each scan, a range of information was recorded, including the start time, the Argos 
ID (satellite tag ID for ArgosWeb) of the subject followed, species, estimated size of the flock, the 
latitude and longitude, area ‘type’; weather conditions, types of food observed, and the activity of 
each bird observed during the scan. Typical activities included foraging, resting, flying or drinking 
(flock follow data sheet, Appendix 2) and were targeted as they directly inform the movement ecology 
of flocks within particular habitat types. Estimates of flock size were revised if the social dynamic of 
the flock changed over time; for example, if later observations indicated the presence of sub-flocks 
which had either joined or left the observed flock. If visual contact with a flock was lost and was not 
regained within one hour, the flock follow was ended.  
 
2.5 Data Analysis 
 
2.5.1 Treatment of the data 
 
The GPS and satellite data were tested for regularity and autocorrelation using the R package 
“adehabitatLT” (Calenge 2011) in RStudio 1.0.153 (RStudio Team 2009-2017). Satellite data of 
Location Classes 2 and 3 were retained for further analysis. Duplicates or outliers were removed. 
Datasets were unique in their characteristics for each species, and detailed analysis methods are given 
in each chapter.  
 
Where there were sufficient GPS data, behavioural change point analysis (BCPA; Gurarie et al. 2009) 
was used to validate that a bird had joined a flock (Rycken et al. 2019). As it was a priority to be able 
to comment on flock movement using the data from individual birds, this was very important. BCPA 
detects changes in behavioural movement states (Gurarie et al. 2009, Gurarie et al. 2016) and is an 
ideal tool as it is robust to deal with irregular and autocorrelated data. This is described in Section 
2.6.  
 
Prior to further analysis of the data, I categorized movements for satellite data, as resident movements 
in resident areas, ranging movement between resident areas and migratory or long distance 
movement. These movement types are described in each chapter and were species specific in terms 
of distance moved for each movement type. In addition, resident areas were categorized per region 
(Urban, Peri-urban and Forest) for Chapter 4 and 5. Further details on the definition of these regions 
are described in the species chapter. After resident areas were determined, GPS data were used to 
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analyse daily movements, determine key roosting and foraging sites and calculate home ranges for 
these areas.  
 
2.5.2 Data analysis 
 
Analysis of data within each species’ specific chapter was designed to explore potential differences 
in movements regionally, identify key roosting and foraging habitat per region and estimate home 
range sizes for resident areas. At an initial stage, I used the “sp” package (Pebesma and Bivand 2005) 
in RStudio 1.0.153 (RStudio Team 2009-2017) to establish step lengths, time differences between 
locations and speed of travel. I used pairwise averages to establish distances between roosts in a 
resident area and calculated daily travel distances for each individual in a resident area. A Linear 
Mixed Effect model was used to explore if there were differences between regions for distances 
between roosts and daily distances travelled, with region as a fixed effect and ID as a random effect.  
 
Key habitat (i.e. key roost sites and foraging areas) was identified using revisitation statistics using 
the “recurse” package (Bracis et al. 2018a). As a requirement for this analysis, a radius to calculate 
the revisitation index of each location fix was set. For night roosts, the data were subset to represent 
all first instances after sunset when the speed between locations dropped to ≤ 1 ms-1. For all areas, 
the data with speeds of ≤ 1 ms-1 populated only two percent of all data and distances travelled for 
these data did not exceed 500 m, therefore I used a radius of 500 m for the roost analysis. However, 
in the case of Forest regions, a radius of 1 km was used since a radius of 500 m proved too small to 
identify important roosts as flocks were generally larger in size in these regions. To determine the 
key habitat sites during daytime activity a different approach was used. Since a flock could be highly 
mobile during foraging, and location fixes were at a high frequency (every 2.5 - 15 minutes), a 
threshold for time (60 minutes) to revisit was set in addition to the radius size to accurately show 
revisitation numbers to the site. The threshold for the recursion analysis was set so that a bird had to 
leave an area for an hour before a revisitation occurrence was recorded. The occurrence of an 
individual in the same area over several hours a day added to the ecological relevance of the site, 
since the amount of time spent in one site reflected the capacity and importance of the foraging 
habitat. In addition, for the recursion analysis of foraging habitat the radius was adjusted according 
to region: 10 m for Urban regions, 75 m for Peri-urban regions and 400 m for the Forest regions, to 
accurately reflect areas of high revisitation.  
 
Home ranges (HR) were calculated, for resident areas only, within each of the regions using AKDEc 
using the R package “ctmm” and applying the Ornstein-Uhlenbeck F (OUF) model, which estimates 
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autocorrelation for both position and velocity (Calabrese et al. 2016). This method calculates a kernel 
density estimation and corrects for auto-correlated data associated with the GPS data, as well as 
estimates bandwidth using a method that reduces for area estimate bias (Fleming and Calabrese 2017). 
 
All data analysis and map production were conducted in R (version 3.5.3; R Core Team 2019).  
 
2.6 Assessing integration of black cockatoos using behavioural change point 
analysis 
 
The following is a modified version of the published paper: Rycken et al. 2019, Assessing integration 




Establishing integration of an individual bird into a wild flock is particularly important in species that 
are highly gregarious and are reliant on the flock to increase their likelihood of survivorship. When 
individuals, rehabilitated and reintroduced to wild flocks, are tracked through satellite or global 
positioning system (GPS) telemetry, it is of further significance to establish integration to assess 
rehabilitation success and whether the individual can serve as a marker of the flock. To date, for black 
cockatoos (Calyptorhynchus spp.) this has been achieved through visual observations, which requires 
field-based observations that may not be possible because of inaccessible terrain, or may be untenable 
because the tagged individual can move quickly or is cryptic within a given land cover type. To 
establish whether an individual had joined a flock, we proposed the use of behavioural change point 
analysis. Our analyses showed that for GPS data of six individuals of the three black cockatoo species 
endemic to Western Australia we could demonstrate behavioural differences in their movement paths 
that were either individual or flocked (integrated) behaviour. We undertook field observations to 
validate integration into wild flocks. We characterised flocked behaviour as a constant, repeated 
pattern at variable levels of velocity. Individual behaviour manifested in two different forms: resident 
and exploratory behaviour. The analysis showed that all birds had integrated into a wild flock within 
a month of release. Behavioural change point analysis is a useful method to characterise movement 
behaviour in black cockatoos and to confirm their membership within a flock. Furthermore, 
confirmation of flock membership makes it possible to use the data from one tagged bird to indicate 






Traditional post-release monitoring of untagged individuals is challenging and information gained on 
released animals consists, in most cases, of survival percentage through band recovery or visual 
observations. When using movement patterns of untagged individuals as markers of population 
movement, it is vital to confirm that a released individual has integrated to the group. Yet, even when 
following a released individual in the field on a daily basis, it is difficult to determine the exact point 
in time at which the animal integrates into a group of wild conspecifics. Hence, data may be analysed 
as group behaviour, when in fact an animal may be alone, which may lead to an inaccurate 
interpretation of group behaviour. Because it is usually prohibitively expensive to equip entire 
populations with satellite- or global positioning system (GPS)-tracking technology, assumptions on 
species’ movement ecology are generally based on data from a relatively small number of individuals 
(Kralj-Fišer et al. 2007, Lindsell et al. 2009, Schorr et al. 2009, Hauser et al. 2014). Sample size and 
tracking period are important factors, and may not be of an appropriate size to make assumptions at 
the population level, particularly with reference to home range or spatial distribution of the species 
(Thaxter et al. 2017). Where species are highly gregarious, however, or are known to roost 
communally, then a satellite- or GPS-tagged individual may potentially serve as a marker for a flock 
(Abbott 1998, Johnstone and Kirkby 2008, Davies et al. 2012, Le Roux 2017). Individuals used in 
tracking studies are sourced from the wild, or may be rehabilitated or captive-bred individuals that 
are subsequently released to the wild (Vincent et al. 2002, Brightsmith et al. 2005, White et al. 2005, 
Ortiz-Catedral et al. 2010). In ecology, remote sensing technology is commonly used to gain high-
resolution data on a species’ distribution, movements, and home range (Monsarrat et al. 2013, 
Murgatroyd et al. 2016). Movement types, obtained by the analysis of remotely sensed data, are 
important for gaining insights into species ecology and to inform conservation management (Morelle 
et al. 2017, Bennison et al. 2018).  
 
Significant analytical advances in processing satellite- and GPS-derived data have markedly 
improved the ability to categorise behavioural states and make inferences about animal movement 
(Bennison et al. 2018). Behavioural change point analysis (BCPA), developed by Gurarie et al. 
(2009), is a robust tool that can deal with irregular spatio-temporal datasets and detect significant 
changes in the underlying characteristics without the requirement of a priori knowledge of the species 
behaviour (Zhang et al. 2015, Gurarie et al. 2016). The method calculates velocity and turning angles 
of a time series, and then estimates the mean, standard deviation, and degree of autocorrelation for 
these factors for each step of a movement trajectory (Gurarie et al. 2009, 2016, Nilsson 2014). It also 
performs a window sweep over the movement path and identifies significant breaks or change points 
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(Zhang et al. 2015). A combination of the degree of autocorrelation, the mean velocity, and the 
standard deviation of velocity is then used to classify different movement types. High mean velocity 
in combination with a low standard deviation and high levels of autocorrelation indicate persistent 
movement and higher speed (e.g., migration); high levels of standard deviation in combination with 
a lower mean level of autocorrelation, however, indicate movement consistent with foraging (Gurarie 
et al. 2009). Behavioural change point analysis was developed to highlight when animals forage and 
when they make long-distance movements between habitats (Nilsson 2014, Gurarie et al. 2016). By 
investigating the outputs of the BCPA, targeting these states, we could establish accurate points in 
time when an individual integrated into a wild flock. 
 
We applied this technique to the identification of flock movement in three species of black cockatoo 
endemic to Western Australia: Baudin’s cockatoo (bird identification ID beginning with BC), forest 
red-tailed black cockatoo (bird ID beginning with RTBC); and Carnaby’s cockatoo (bird ID 
beginning with CC). These species have suffered population declines over the last 60 years, due 
primarily to land clearing for agricultural and urban development (Saunders 1990, Johnstone and 
Kirkby 2008, Davis et al. 2013). Specifically, on the SCP there are increasing risks of mortality 
associated with anthropogenic factors, such as collisions with vehicles. For at least part of the annual 
cycle, all three species can be found on the SCP (Department of Environment and Conservation 
2008). As a result, increasing numbers of cockatoos are injured annually, requiring treatment and 
rehabilitation back to the wild (Le Souëf et al. 2015). Previous studies on satellite-tagged black 
cockatoos in Western Australia using rehabilitated wild birds have shown that birds successfully 
reintegrate into wild flocks (Le Souef et al. 2013, Yeap et al. 2015, Groom et al. 2017). What is 
unknown, however, is whether birds reintegrated immediately or spent a period of time alone prior to 
integration. It is important for birds to reintegrate as quickly as possible because birds that are alone 
are susceptible to predation (Westcott and Cockburn 1988). 
 
Our objective was to compare GPS-derived movement modes identified using BCPA with direct 
observation to determine the point at which released birds integrate into a flock. Based on visual 
observation, we hypothesized that birds would be integrated within one month of release. We applied 
this to all three species of black cockatoo to determine if there was a behavioural difference in 
movement between birds that were unflocked or part of a flock, and also to identify any species-






2.6.2.1 Study area 
 
The SCP is classified as a biodiversity hotspot on a global level, with dominant fauna mainly 
consisting of reptiles, bird species and marsupials (Mitchell et al. 2002, Weerheim 2008). It had a dry 
Mediterranean climate, with winter between June and August and summer from December to 
February, and its land use consisted mainly of urban development, agriculture, and forestry 
plantations (Mitchell et al. 2002). The SCP had been extensively cleared for urban and agricultural 
development with most of its remnant vegetation consisting of Banksia woodland creating a highly 
fragmented landscape, the majority of which is at sea level (Gole 2006, Shah 2006). The three species 
of black cockatoo are endemic to southwest Australia and may be found on the SCP throughout the 
year (Shah 2006, Yeap et al. 2017). Located on the SCP, all releases for this study took place in the 
Perth Metropolitan area. The Perth Metropolitan area (−31.92 °S, 115.87 °E; 6,418 km2) is made up 
of approximately 20% of the SCP (Mitchell et al. 2002, Western Australian Planning Commission 
and Department of Planning 2009). It consisted mainly of urban land with the Swan-Canning river 
system as its major surface water resource, and had a population of approximately 2 million people 
(Australian Bureau of Statistics 2020). The mean temperatures ranged from 13.7˚ C to 28.4˚ C with 
a mean annual rainfall of 846 mm (Australian Bureau of Meteorology 2016, Water Corporation 
2017). Vegetation was diverse, ranging from wetlands, heathlands, and woodlands, with most 
woodland on the east as part of the Darling Range (elevation 582 m), comprising tall Eucalyptus 
species. Most of the larger remnant vegetation patches occurred on the fringe of the metropolitan area 
with smaller areas with low connectivity occurring within the urban landscape (Stenhouse 2004, 
Davis et al. 2013).  
2.6.3 Methods 
 
2.6.3.1 Study birds 
 
We used wild birds admitted to the Perth Zoo Veterinary Department having sustained injury on the 
SCP. They were subsequently rehabilitated at Kaarakin, and determined fit for release by the Western 
Australian Department of Biodiversity, Conservation and Attractions. Between 2015 and 2017, we 
released six individuals, two from each species of black cockatoo. We were restricted in our sample 
size by the availability of suitable study birds due to the endangered status of the species. We fitted 
the birds, in accordance with the Murdoch University Animal Ethics (RW2768/15) requirements and 
the Department of Biodiversity, Conservation and Attractions Regulation 17 Licence number 
SF010448 and Australian Bird and Bat Banding Scheme banding permit number 1862, with tail-
mounted Telonics ARGOS Satellite PTT (Platform Transmitter Terminal) tags (TAV-2617) weighing 
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17 g (tag dimensions: 6.43 cm × 2.1 cm × 1 cm; Telonics, Mesa, AZ, USA) and a 7.5 g back-mounted 
solar GPS tag (Bouten et al. 2013; UvA-BiTS, Amsterdam, The Netherlands; 2CDSe, tag dimensions: 
52 mm × 22 mm × 9 mm) following the techniques of Yeap et al. (2017). We attached the satellite 
tags to the 2 central tail feathers using braided nylon fishing line (Fireline®, Berkley®, Spirit Lake, 
IA, USA) and attached the GPS tags to a mounting plate attached with cloth tape to approximately 4 
feathers just below the shoulder joints. We then glued the GPS tags (Selleys Ultra Repair Glue; 
Selleys, Padstow, NSW, Australia) and tied them to the mounting plate using braided nylon fishing 
line (Fireline®, Berkley®) The combined weight of the tags was 3.38 – 4.69% of the total body mass 
for all subjects and within ethical thresholds (Cochran 1980, Kenward 1987, Gursky 2015, Yeap et 
al. 2017). 
 
Releases of the study birds took place at Murdoch University (−32.07° S, 115.84° E), Kensington 
Bushland Park (−31.99° S, 115.89° E), and Kalamunda (−31.97° S, 116.07° E). Following release, 
we followed the individuals in the field to observe flocked and unflocked activity and validate 
behavioural interpretations obtained from the BCPA data.  
 
We used automatically downloaded data from the satellite tag (ARGOS satellite-based positioning 
system; ARGOS CLS System 2018) to locate the bird in the field to facilitate the manual download 
of high-resolution GPS data to a base station. We programmed the satellite transmitter schedule to 
communicate in blocks of four hours on either morning (06:00 - 10:00) or nights (20:00 - 24:00), and 
programmed daily communication blocks in the first two weeks following release. Thereafter, we 
programmed the satellite tags to communicate on a fortnightly basis for four consecutive days. 
 
We used night communication blocks to locate the night roost of the flock and facilitate GPS data 
downloads. The morning communication allowed for field-based flock follows and visual observation 
when the birds would likely be foraging, to record whether released birds appeared to be flocked or 
unflocked. On average, we collected two to three good (location class 3, accuracy within a 250 m 
radius) location fixes during communication periods. 
 
We programmed the GPS tag to record location fixes every 30 minutes (accuracy ± 20 m) during the 
night and every 2.5 – 15 minutes during the day depending on solar battery recharge. We extracted 






2.6.3.2 Behavioural change point analysis 
 
We analysed data from the first month post-release for two birds from each of the three species of 
black cockatoo (Table 2.6.1). Prior to BCPA analysis, we classified these birds as flocked (BC2172, 
RTBC2176, CC2216) or unflocked (BC2167, RTBC2264, CC2222) based on 11 hours and 42 
minutes of field flock follows. We defined unflocked as a bird whose daily activity was not observed 
as integrated with flock movement within the first week. A bird was flocked if it was observed to 
have joined a flock almost immediately after release. We used these known activity patterns to 
validate the BCPA model. 
 
For the unflocked individuals, we selected equal periods of time (days) from the data set prior to the 
estimated date of observed integration and after. We selected the same total number of days for their 
flocked counterparts (Table 2.6.1). For example, for BC2167, which we observed in a flock on the 2 
September 2015, we selected eight days of GPS data before this date (nine days including the day of 
BC2167 joining the flock) and nine days after this date. For BC2172, the flocked counterpart of 
BC2167, we then selected 18 days of GPS data. The exact number of days chosen was dependant on 
the available number of days containing GPS data before the observed date of integration. For 
example, it was not possible to apply this to RTBC2264 because its estimated date of integration was 
too close to the end date of its dataset. In this case we used the bird’s entire dataset. 
 
We classified behavioural states using BCPA, as described by Gurarie et al. 2009, using the BCPA R 
package (Gurarie et al. 2009, 2014) in RStudio version 1.0.153 (RStudio Team 2009-2017). We 
converted the data for each tag to track objects and analysed them using a flat BCPA, which searches 
for frequent change points using a window sweep, clusters these according to neighbouring change 
points, and estimates homogenous behaviour between them (Gurarie 2014). We set the window sweep 
size to 30 to account for the detection of changes in behavioural state on a daily scale where the data 
was high resolution but extremely variable over days. We set the K sensitivity parameter, which 
desensitizes the window sweep function and produces more accurate results, at 1 (E. Gurarie, 
University of Maryland, personal communication). 
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Table 2.6.1: Date of integration for three species of global positioning system (GPS) tagged black cockatoo compared using visual observation and behavioural change point analysis 





































Baudin’s cockatoo BC2167 2–5 yrs., 
male 
7 Aug 2015 254 18 N 2 Sep 2015 
(26 days) 
6 Sep 2015 
(30 days) 
+4 days 
Baudin’s cockatoo BC2172 2 yrs., 
male 
7 Aug 2015 907 18 Y 7 Aug 2015 
(1 day) 
16 Aug 2015 
(9 days) 
+8 days 
Forest red-tailed black 
cockatoo 
RTBC2264 5–20 yrs., 
male 
20 Jul 2016 494 14 N 27 Jul 2016 
(8 days) 
24 Jul 2016 
(5 days) 
−3 days 
Forest red-tailed black 
cockatoo 
RTBC2176 5–20 yrs., 
male 
26 Aug 2015 747 14 Y 26 Aug 2015 
(1 day) 
26 Aug 2015 
(1 day) 
0 days 
Carnaby’s cockatoo CC2222 1–5 yrs., 
female 
19 May 2016 2795 26 N 1 Jun 2016 
(13 days) 
25 May 2015 
(7 days) 
−6 days 
Carnaby’s cockatoo CC2216 1–5 yrs., 
male 
19 May 2016 2225 26 Y 21 May 2016 
(1 day) 







In our research we used BCPA to determine if we could identify three behavioural states commonly 
assigned to animal movement: foraging, commuting, and exploratory behaviour (Dingle and Drake 
2007), and a fourth behavioural state we defined as resident behaviour (i.e. Where a bird is relatively 
stationary in a location, but may make small outward movements to forage). By investigating the 
outputs of the BCPA, targeting these states, we could establish accurate points in time when an 




The BCPA revealed four different movement modes with consistent variations of the parameters of 
the BCPA. We used these movement modes to classify the activity states: foraging, commuting, 
exploratory movement, and resident behaviour (Fig. 2.6.1). 
 
2.6.4.1 Movement modes  
 
Flocked birds displayed all activity states except resident behaviour. Foraging behaviour (phases 2 
and 5 in Fig. 2.6.1a; phase 2 in Figure 2.6.1b) is characterised as movement at a lower mean velocity 
relative to other movement behaviour, with a lower standard deviation and autocorrelation. 
Commuting behaviour (phases 1 and 3 in Fig. 2.6.1a; phase 1 in Fig. 2.6.1b) is represented by a high 
mean velocity over time, a higher standard deviation, and high levels of autocorrelation. Exploratory 
behaviour occurred in flocked individuals, and to a lesser degree in unflocked individuals as part of 
a sedentary phase, upon arrival in a new area (phase 4 in Fig. 1a). It is characterised as movement 
with high levels of autocorrelation, a higher mean velocity than foraging, and a higher standard 
deviation. 
 
Only unflocked birds showed resident behaviour. This activity state (phase 1 in Fig. 2.6.1c) is tightly 
distributed and constant along the track, and is characterised by a higher level of autocorrelation, 









Figure 2.6.1. BCPA output showing target movement modes. a) Phase 1, 3 and 4 demonstrate highly auto-correlated movement with a high mean velocity and standard deviation which 
is associated with commuting, ranging or explorative behaviour irrespective of whether a bird is in a flock. Phases 2 and 5 are lower in mean velocity and lower in autocorrelation 
which is associated with flocked foraging behaviour; b) BCPA for RTBC2264 which was confirmed through observation to not have joined a flock immediately, Phase 1 displays 
explorative behaviour and Phase 2 displays flocked foraging behaviour confirming when the bird integrated into a flock ; c) Unflocked behaviour in BC2172 that was thought to have 
joined a flock at release but was subsequently shown to be displaying resident behaviour. Phase 1 is highly auto correlated with a very low standard deviation inconsistent with a bird 




Movement paths of flocked birds 
 
We identified foraging behaviour in all birds when integrated with a flock. The individual BC2167 
showed a small phase of foraging behaviour at the start of the path at its release point (Kalamunda; 
Fig. 2.6.2a, phase 1), where we observed it with other Baudin’s cockatoos, and it spent some time 
with the flock that roosted in Kalamunda. On 6 September, 30 days post release (Fig. 2a, phase 4), 
BC2167’s behaviour stabilized, following an sedentary period when we assumed it to be alone, into 
a constant foraging pattern similar to phase 1 (Fig. 2.6.2a), at a lower standard deviation characteristic 
of flocked behaviour and we considered it to have integrated into a flock in Maida Vale (−31.95° S, 
116.02° E). From 16 August, nine days after release, BC2172’s movement path showed constant 
foraging parameters (Fig. 2.6.2b, phase 3), at which point we considered the bird to have successfully 
integrated to the flock. 
 
Although we only observed RTBC2264 with a resident flock at Murdoch University (50+ individuals) 
near the end of its data period, analysis indicates that it joined the flock after five days (Fig. 2.6.2c, 
phase 2); at this time the movement path changed into a constant foraging pattern at a lower 
autocorrelation, mean, and standard deviation. Conversely, RTBC2176 (Fig. 2.6.2d), which we 
released into a resident flock at Murdoch University, integrated into the flock immediately, which we 
confirmed with the BCPA. Analysis revealed RTBC2176 exhibited constant foraging behaviour over 
its timeline, with low means in velocity, autocorrelation, and standard deviation, which is consistent 
with flocked behaviour (Fig. 2.6.2d, phase 1, 2, and 3).  
 
For CC2222 it was clear it joined a flock on 25 May (Fig. 2.6.2e, phase 2) when its pattern changed 
to a movement at low levels of autocorrelation and reduced mean velocity and standard deviation, 
which is associated with foraging, ending two days later on 28 May. Analysis shows that, consistent 
with our observations, CC2216 immediately integrated into a large flock (Fig. 2.6.2f, phase 1) that 






Figure 2.6.2: Movement paths of the three species of black cockatoo in Western Australia, Australia, 2015–2016, showing 
color-coded phase segments classified to different movement modes based on autocorrelation with behavioural change 
point analysis (BCPA) where Baudin’s cockatoos are a) BC 2167 and b) BC2172, forest red-tailed black cockatoos are 
c) RTBC2264 and d) RTBC2176, and Carnaby’s cockatoos are e) CC2222 and f) CC2216). The release site for each bird 
is indicated with a star. 
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Commuting behaviour was also characteristic of flock movement and generally involved 
unidirectional movement over time (Fig. 2.6.2). For example, after its initial foraging bout, BC 2167 
flew (commuted) to Lesmurdie (−31.99° S, 116.05° E; Fig. 2.6.2a, phase 2). On 28 September, after 
its recorded foraging bout, CC2222 undertook a large directed movement (40 km) in a northerly 
direction to Nowergup (−31.63° S, 115.74° E; Fig. 2.6.2e, phase 3). Analysis showed RTBC2176’s 
movement path showed a sudden rise in autocorrelation, mean, and standard deviation, indicative of 
commuting behaviour (Fig. 2.6.2d, phase 4). In the case of CC2216, on 10 June the flock moved its 
roost approximately 12 km north but continued to forage at the same location. We confirmed this by 
visual observation. The birds continued to commute as a flock between the 2 locations (Figure 2.6.2f, 
phase 4). 
 
Flock exploratory behaviour occurred in two birds. After commuting to the north, CC2222 showed 
an exploratory state in its pattern when it arrived in the Nowergup area. This presented itself as a 
phase of movement at slightly lower levels of autocorrelation in random directions (Fig. 2.6.2e, phase 
4) northwards until the path stabilized into a pattern typical of foraging at a smaller scale (Fig. 2.6.2e, 
phases 5 and 6). We noticed a small exploratory phase in the pattern for CC2216 before it changed 
its roost and started commuting behaviour (Fig. 2.6.2f, phase 4). 
 
Movement paths of unflocked birds 
 
Our initial observational data suggested that BC2167 was foraging and commuting with a flock. We 
subsequently observed it roosting and feeding individually in Lesmurdie, however, before moving to 
the Maida Vale region. Our observation was confirmed by the BCPA (Fig. 2.6.2 2a, phases 2, 3). 
During this sedentary phase (resident behaviour) in Lesmurdie (Fig. 2.6.2a, phase 3), it roosted and 
foraged very near to its roost site, with small exploratory movements outwards in all directions (not 
shown in Fig. 2.6.2a and Fig. 2.6.2b because the movement was geographically restricted and not 
visible at the scale of the figure shown). 
 
The movement path of BC2172 revealed some surprising results because we thought it had integrated 
immediately to a flock of  >50 Baudin’s in the local area. The BCPA revealed, however, that although 
BC2172 roosted in the vicinity of the flock, it showed strong directed movements in many directions 
during the first three days after the release (exploratory behaviour; Fig. 2.6.2b, phase 1). Thereafter, 
BCPA showed that although we saw BC2172 roosting with the flock, it did not forage with the flock. 
Instead it foraged within a 500 m radius of the roost (Fig. 2.6.2b; phase 2), and the behaviour was 




In the two birds that displayed resident behaviour (BC2167 and BC2172), an exploratory phase 
immediately preceded the resident period. Notably this exploratory phase occurred at high speeds and 




This study has demonstrated the practical use of the BCPA as a tool to determine flock membership 
when post-release monitoring is difficult or not possible. In particular we wanted to show that 
irrespective of black cockatoo species, the BCPA would be able to identify the approximate point in 
time at which a bird had integrated into a flock of wild conspecifics. Based on field observation, we 
hypothesized that integration would occur within one month of release. In all cases birds were 
integrated within the one month period. Five of the six birds were integrated within nine days. 
Notably, two of these integrated within one day. 
 
2.6.5.1 Integration into a flock of wild conspecifics 
 
Based on the BCPA, the defining characteristic of integration was when the foraging pattern appears 
and from this point the duration for which the pattern persists. From observation, we know that 
individuals can appear to have joined a flock at times but not participate in communal roosting or 
continue to forage individually for the majority of the day. This could be because the flock departed 
before the individual had fully integrated. We observed through field observation that unflocked 
individuals across species forage with flocks during the day but roost alone at night close to the flock, 
or only partake in part of the foraging pattern of a flock during the day. To be sure that an individual 
is integrated into a wild flock, we suggest a minimum of three days of foraging behaviour (identified 
by analysis), followed by a consistent foraging pattern thereafter. In the case of BC2167, for example, 
it appears it was with a flock immediately after release but then spent a period of time (27 days) by 
itself before joining a flock on 6 September. 
 
The identification of integration date was strengthened by the observation that an unflocked bird 
either exhibited exploratory behaviour, or showed resident behaviour, until it joined a flock. Resident 
behaviour is highly uncharacteristic for a flock of black cockatoos when it comes to their daily activity 
budgets because black cockatoos demonstrate a bimodal daily foraging pattern that spans at least 
several kilometres from the roost (Weerheim 2008, Groom et al. 2017). In contrast, we considered 




flights diagnostic of individual behaviour. The difference in individual, exploratory, or resident 
behaviour could perhaps be ascribed to the boldness of the character of the individual. Previous 
studies confirmed that boldness in an individual influences its daily movements and is linked to 
individual survival rate (Clarke 2009, van Overveld and Matthysen 2010, Patrick et al. 2013, Hansson 
and Åkesson 2014). Whether this is the case for black cockatoos is unclear. Bold individuals might 
find and integrate into a flock earlier than their shy conspecifics; however, the local environment or 
risk of predation are potentially factors that may also influence movement behaviour (Saunders 1990, 
Cameron and Cunningham 2006, Johnstone et al. 2013, Le Souëf et al. 2015). 
 
2.6.5.2 Time frame for integration 
 
Both the BCPA and our observational data showed that all birds integrated into a wild flock within 
the first month after release. Based on field observation, we thought the longest period before 
integration into a wild flock was 26 days (Table 2.6.1). After implementing the BCPA, however, we 
had to revise our original assumptions; BC2167 integrated into the Maida Vale flock after 30 days 
instead of 26 days. For RTBC2264 and CC222, the BCPA indicated integration was three and six 
days earlier than recorded through observation. Conversely, BC2172, which we thought had joined a 
flock immediately, was subsequently shown using the BCPA to have joined the flock nine days after 
release. 
 
Analysis showed that differences in exploratory and commuting behaviour are very small. 
Exploratory behaviour has lower levels of autocorrelation, however, meaning it is more variable (e.g., 
changing directions). A commuting movement usually preceded an exploratory movement. Analysis 
revealed that CC2222 and BC2172 demonstrated this pattern of movement when these individuals 
first arrived in a new area. This was not the case for BC2167, which demonstrated a commuting 
movement on the third day after release. Resident behaviour immediately followed this movement, 
leading to a prolonged exploratory movement to a new area. Additionally CC2216, which made a 
commuting behaviour 12 km north towards a new roost and then moved daily between this roost and 
its original foraging area showed commuting and exploratory behaviour across the same spatial extent 
but at different points in the bird’s tracking timeline. We were able to validate the finding of the 
BCPA through field observation, but in studies where this is not possible, the similarities between 
exploratory and commuting behaviour may introduce some uncertainty into the interpretation. Our 
methodology is therefore most robust for addressing our primary aim, which was the occurrence and 




Our GPS tracking data shows that individual birds move between flocks, and large roosting flocks 
often splinter into smaller foraging flocks (S. Rycken, Murdoch University, unpublished data). This 
interchangeability between flocks can make it hard to establish definite points in time when a released 
individual becomes successfully integrated. The key advantage of BCPA analysis with these data is 
that each species displays the constant foraging pattern when flocked, with minimal variance over the 
entire track. This allows us to apply an accurate time of integration, so that our analysis on movement 
ecology may be interpreted as true flock movement. This is of importance at the analysis stage 
because individual behaviour looks different to group behaviour and would as such skew any results 
derived from analysis of the data (e.g., home range analysis). 
 
2.6.6 Management implications 
 
Behavioural change point analysis is a helpful tool to confirm the integration of GPS-tracked black 
cockatoo species to wild flocks and our methodology can be applied to other wildlife species. The 
insights into a species’ behavioural and activity states yielded by this method can ultimately lead to 





















Chapter 3: Movement ecology of the Carnaby’s Cockatoo 
(Calyptorhynchus latirostris) in the northern and southern regions of 








Endemic to Western Australia, the Carnaby’s cockatoo, also known as the short-billed black 
cockatoo, has the largest distribution range compared to the Baudin’s cockatoo and the forest red-
tailed black cockatoo (Department of Environment and Energy 2019b) (Fig. 1.2). Its distribution 
spans from lower Murchison and Nabawa, near Geraldton in the north, to Condingup, Esperance in 
the far southeast and west to the coast on the Perth-Peel Coastal Plain and through the southwest 
region (Weerheim 2008, Johnstone and Kirkby 2017). The population size of Carnaby’s cockatoos 
was estimated at 40,000 individuals in 2010 and declining (Garnett et al. 2011), as such the species 
has been classified as Endangered (IUCN 2018, Department of Environment and Energy 2019b). The 
threats to this species include vehicle strikes, shootings, wildfires and primarily, the clearing of land 




This species shows well-defined migratory movements throughout the year with long distance 
movements to and from the breeding grounds in the Wheatbelt during spring and summer. During the 
non-breeding season they form large foraging flocks with movements towards the southwest of the 
SCP or coastal movements in the southeastern regions (Valentine and Stock 2008, Weerheim 2008). 
During this time of year foraging efforts are particularly focused on Banksia woodlands and non-
native species, such as pine trees (Pinus spp.) (Johnstone et al. 1998, Valentine and Stock 2008, Finn 
et al. 2009). In the breeding season these flocks will primarily move inland to the breeding grounds. 
The Avon Wheatbelt Bioregion is regarded as the primary breeding grounds for this species, however 
there have been reported occurrences of breeding on the SCP (Saunders 1990, Johnstone et al. 1998).  
 
Although the breeding behaviour of Carnaby’s cockatoos has been investigated over several decades 
(Saunders 1974b, Saunders 1986, Saunders and Dawson 2009), the movements of the species across 
much of its distribution range remains largely unknown, especially in the South West of Western 
Australia. Groom et al. (2015) undertook successful telemetry trials with Carnaby’s cockatoos, 
whereby rehabilitated individuals were fitted with satellite PTT tags, released into known flocks in 
the Perth Metropolitan area and tracked to determine flock movements through the urban landscape. 
Two of her study birds, and their associated flocks, flew as far as Bunbury (± 170 km from Perth), 
but most of the released birds remained around the Perth Metropolitan area for the duration of the 
tracking period (Groom et al. 2015, Groom et al. 2017). Although the data collected did not inform 
on movements through the southwest, her research proved successful satellite tag retention and 
reintegration of rehabilitated Carnaby’s cockatoos into wild flocks (Groom et al. 2017). 
 
The aim of this research project was to obtain information on the movements of Carnaby’s cockatoos 
in both northern and southern regions of their distribution. In a first for the species, Carnaby’s 
cockatoos were double mounted with both satellite PTT and GPS tags (Yeap et al. 2017). Satellite 
PTT tags enabled capture of broad scale movement over long temporal scales, which facilitated 
capture of potential movements associated with breeding migrations. GPS data captured fine scale 
movement over a shorter time period to show local daily movements, activity patterns and 
characterisation of home ranges. The telemetry data collected during this research were analysed to 
gain knowledge about habitat use at a landscape scale and movement patterns at opposite ends of the 
species’ distribution. The specific objectives of the research were to 1) assess whether there were 
differences in movement patterns between the northern and southern regions of the species’ 
distribution; 2) identify key habitat sites; and 3) determine home range topologies and sizes across 
different regions. This research will assist in informing Key Actions in the Recovery Plan, such as 
mapping habitat critical for species’ survival and determining movement patterns and their 
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3.2.1 Study birds and tags 
 
The birds that were tagged and released for this research were rescued wild Carnaby’s cockatoos that 
were treated for injuries at Perth Zoo and rehabilitated through Kaarakin. Prior to release, the birds 
were health checked and were assessed for flight and general fitness by wildlife officers from the 
Department of Biodiversity, Conservation and Attractions. Four birds within each release group were 
equipped with a satellite PTT tag and a GPS tag, or on rare occasions a satellite tag alone. The 
attachment procedure for the tags was determined based on previous tag attachment trials for black 
cockatoos as reported by Yeap et al. (2017) and has been outlined in Chapter 2. 
 
Over the course of this research, 22 Carnaby’s cockatoos were released back into the wild, of which 
14 were equipped with satellite tags, 12 of which also had a GPS tag. Releases were undertaken in 
Gingin (-31.34° S, 115.90° E) in 2016 and 2017, in Esperance (-33.85° S, 121.86° E) in 2016 and in 
Albany (-34.99° S, 117.82° E) in 2017. Gingin was determined as a release site in the northern part 
of the distribution range due to interest from the Carnaby’s Cockatoo Recovery Team regarding the 
movement patterns of flocks in Gingin and their foraging ecology in the surrounding agricultural 
areas. In addition, Gingin had been identified by Glossop et al. (2011) as an area requiring 
investigation due to the significant number of food species present. Albany and Esperance were 
chosen as release sites due to the geographic position of these areas at the southern end of the species’ 
distribution and the fact that there was a paucity of knowledge about the species’ movement ecology 
in these regions (Figure 3.1).  
 
Data from 11 of the 14 birds were included for analyses, since one bird (CC59) only integrated into 
a flock at the end point of its satellite tag’s communication and for two birds (CC73 and CC49) no 
communication from the satellite tag was received post release (Table 3.1). Determination of flock 
integration was considered a necessary aspect of the research, as only data collected from birds 
integrated into flocks were analysed. Satellite data were collected for 11 birds and for 5 of these birds, 





3.2.2 Satellite and GPS programming 
 
Satellite PTT tags were programmed to communicate intensively for the first two weeks post release 
and then communicate less frequently from that point onwards (see Chapter 2), to maximise data 
collection based on anticipated life expectancy of the GPS tag and to monitor the released birds as 
they transitioned into the wild flocks. Additionally, this program was scheduled to maximise the 
functional period of the satellite tag, based on anticipated battery life, in order to capture broad scale 
movement data. Programming schedules for the satellite tags were either set for night transmission 
blocks (20:00 – 24:00) to capture the location of night roosts in order to facilitate the manual 
downloads of GPS data from the tracked bird’s GPS tag, or morning transmission blocks (06:00 -
10:00) to allow for flock follows using the Argos AL-1 PTT Locator. The satellite tag’s 
communication schedule was primarily focused on night transmission blocks (70%) to maximise 
opportunities to locate the roost site locations of the study birds and associated flocks, in order to 
facilitate GPS data downloads (see Chapter 2).  
 
GPS tags were solar charged and therefore attached in mid-line position on the bird’s back level with 
the shoulder joints (Yeap et al. 2017) (see Chapter 2). Depending on the level of solar charge of the 
GPS tag, the tag collected data at a frequency of 2.5 - 15 minutes during the day and 2.5 - 30 minutes 
(max. time interval) at night. Downloads were achieved by positioning a base station and relay on 
either side of the roost at night (see Chapter 2). 
 
In addition to collecting telemetry data on the movement of flocks, flock follows were undertaken 
during morning communication periods of the satellite tag, to assess the daily foraging behaviour of 
the flock, determine the flock size and to observe the tagged birds within the flock. Flock follow 






Table 3.1: Track and movement summaries of tagged Carnaby’s cockatoos (CC), for which I collected data,  released between 2016 and 2017 at the outer parts of their distribution 
(Gingin, Albany and Esperance) in Western Australia. Study birds were identified with an identifier (ID) using CC for Carnaby’s cockatoo and the last two numbers of the satellite 
identification number (Sat ID). Age: Sub-adult (2-4 years), Adult (4≤ years).  
 








CC46 159146  
 
2201 











8 603  
CC47 159147  
 
2203 













CC48 159148 - 2016 Gingin Granville Sub-adult M 10/03/2016 23/09/2016 - 94 93 196 
CC50 159150  
 
2159 













CC51 159151  
 
2209 













CC52 159152 - 2016 Esperance SHS Adult F 6/04/2016 19/08/2016 - 92 253 135 
CC53 159153  
 
2211 













CC63 159163 - 2017 Albany Adult F 8/03/2017 22/09/2017 - 88 570 198 
CC70 166170 - 2017 Albany Sub-adult M 8/03/2017 23/08/2017 - 143 509 168 
CC71 166171 - 2017 Gingin Granville Sub-adult F 10/08/2017 23/08/2017 - 25 19 12 





Figure 3.1: Study area depicting the various release sites for Carnaby’s cockatoos in Western Australia. a) satellite data of CC46, CC47 and CC48 collected in Gingin in 2016; b) GPS 
data of CC46 and CC47 collected in Gingin in 2016; c) satellite data of CC71 and CC72 collected in Gingin in 2017; d) satellite data of CC63 and CC70 in Albany in 2017; e) satellite 
data of CC50, CC51, CC52 and CC53 in Esperance in 2016; f) GPS data of CC50, CC51 and CC53 collected in Esperance in 2016.
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3.2.3 Treatment of the data 
 
Prior to analysis, all data (GPS and satellite) were checked for erroneous location fixes or other errors 
such as unlikely time differences and speeds between locations. For the satellite data, only location 
fixes of Location Class 2 and 3 were considered (within 500 m). 
 
All data were trimmed to reflect flock movement. Data collected when an individual had not yet 
integrated into a flock were not included. The timing of flock integration of tagged birds was 
determined by behavioural change point analysis or through visual observation when the data did not 
allow for BCPA (method described in Chapter 2; Gurarie et al. 2009, Rycken et al. 2019). 
 
I interpreted data based on resident, ranging and migratory movements to allow for analysis in areas 
where flocks displayed resident movement (resident areas), and to look at the movements between 
these areas of resident movement (Fig. 3.2). Resident movement for Carnaby’s cockatoos was defined 
as any daily movement linked to roosting and foraging within a resident area. A resident area was 
determined to be any area in which resident movement occurred with outwards foraging movements 
to and from the roost not exceeding 25 km. Ranging movements between resident areas were defined 
as any directed movement away from a resident area to another resident area where resident 
movement was re-established, and which had a distance of no less than 20 km (distances for ranging 
movements were determined through exploration of the utilisation distribution and the mean step 
lengths between location fixes). In addition, long distance migratory movements, which were defined 
as a sequence of ranging movements to and from a suspected breeding area, were excluded from 
resident movement. During long distance migratory movements, stopover sites were identified and 
were defined as sites where a bird stayed for no longer than five days before continuing its migratory 
movement.  
 
Roost sites were classified as any site comprising one or several roost trees within a 500 m radius. In 
any resident area flocks would use a network of roost sites while foraging in the area. Key roost sites 
for Carnaby’s cockatoos were defined as sites that were used by a flock on at least five occasions and 
key foraging habitat for Carnaby’s cockatoos were defined as sites with a revisitation rate of 10 visits 
or higher. 
 
GPS data was used to calculate average daily distance moved within resident areas, calculate the 
home range for the area and identify key habitat in the form of foraging and roosting habitat. To 
determine key roosting sites, additional satellite data was included as the satellite tags were generally 






The satellite data were analysed for differences in speed and time between location fixes, and pairwise 
averages were calculated for distances between roosts within a resident area. For the GPS data, initial 
analysis was focused on calculating average daily distances travelled in a resident area. This initial 
analysis was performed using the “sp” (Pebesma and Bivand 2005) package conducted in R (version 
3.5.3; R Core Team 2019), in order to explore the data for potential differences in distances between 
roosts over the different regions and to investigate the daily movement behaviour of flocks in different 
regions. A linear mixed effects model (lme), with region as the fixed effect and ID of the bird as the 
random effect, was used to determine whether significant differences existed for distances between 
roosts between regions for the satellite data and daily distances travelled within a region for the GPS 
data.  
 
The GPS data were then used to determine key roost and foraging sites for resident areas, using a 
recursion analysis (“recurse” package, Bracis et al. 2018a). The revisitation statistics of this analysis 
relied on a set radius to calculate the revisitation frequency of a location. These radii were selected 
by investigating the median values in terms of step length between location fixes. To determine key 
foraging sites, I had to account for the nature of the species’ foraging behaviour and the high intensity 
recording schedule of the GPS tag resulting in several fixes over the same sites. Therefore, a threshold 
of 60 minutes was applied in addition to the radius size, to accurately represent visitation frequency 
to these sites. This implied that a bird had to leave an area for 60 minutes before a revisit to the site 
would be recorded. The occurrence of a flock at a site over several hours was thus deemed 
ecologically important in terms of foraging resources and suggested a certain level of foraging 
capacity for that particular site. Key roost sites were defined by using the first occurrence of a 
stationary position after sunset, determining this location as a roost site and applying a radius of 500 
m. The radius was set at 500 m since at night 98% of flight speeds would drop to 1 m/s and below 
(no flight), within a radius of this size. 
 
Home range (HR) sizes were calculated for flocks in resident areas using the GPS data to investigate 
the area sizes used by different flocks in different regions. To calculate the HR, I used AKDEc by the 
R package “ctmm” and applied the Ornstein-Uhlenbeck F (OUF) model, which estimates 
autocorrelation for both position and velocity (Calabrese et al. 2016). I used this analysis method 
since it corrects for auto-correlated data associated with the GPS data, and estimates bandwidth 
(Fleming and Calabrese 2017). I calculated the HR for two birds in the Gingin region and for three 






Over the course of four releases between 2015 and 2017, more than 2,293 km of satellite data (n = 
1,005) and over 2,232 km of GPS data (n = 6,998) were collected. Both satellite and GPS data proved 
to be irregular and autocorrelated. This was to be expected for animal movement data, particularly 
since the frequency of the recording schedule of the GPS tag was high. Furthermore, since the GPS 
tag was generally retained for a shorter period of time, as it could easily be removed by the bird 
(positioned in an accessible position on the bird’s back), between 14 and 72 days of GPS data were 
collected, whereas satellite tags were retained for longer resulting in 13 to 317 days of data. A total 
of 142 hours of flock follow observations for Carnaby’s cockatoos were undertaken across all regions. 
 
3.3.1 Broad scale movement 
 
Exploratory analysis of the satellite data in combination with field observations during flock follows 
revealed strong regional differences in movement patterns. Investigation of the data collected for the 
Gingin releases in 2016 and 2017 showed that the flocks in this region demonstrated consistent 
foraging patterns across years (Fig. 3.2). 
 
 In Gingin in 2016, CC47 and CC46, and their associated flocks, displayed different foraging patterns 
on opposite sides of Gingin Brook. It appeared that, although most flocks roosted together around 
Gingin Granville Park and Gingin Brook, flocks split up during the day for foraging. The flock which 
CC46 joined, predominantly foraged on the riparian vegetation of Gingin Brook towards the east of 
the centre of Gingin and during the later parts of the day would move through the residential area 
towards Gingin Golf Club. The flock which CC47 joined, foraged daily along Cockram road on Marri 
(Corymbia calophylla) and in the pastures on both sides of Cockram road on wild radish (Raphanus 
raphanistrum) and possibly other species. However, this flock also foraged towards Lennards Road 
and targeted the macadamia (Macadamia spp.) farm at the end of this road on a daily basis, where 
they would spend a few hours each day. For the 2016 release in Gingin, CC48’s tag communicated 
the longest (until September 2016) and showed a movement pattern towards the north of the area later 
that year, with birds foraging around the Boonanarring Nature Reserve (Fig. 3.2). 
 
In 2017, the second release in Gingin produced similar results. The movement pattern of CC71 and 
its associated flock demonstrated foraging and roosting just north of Gingin Brook, much like CC46’s 
flock in 2016. Whereas, CC72’s flock, demonstrated the foraging pattern along Cockram road 
towards the macadamia farm on Lennards Road. This release took place later in the year and as a 
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result I captured movement of a large flock (n = 200) from Gingin to a breeding area in Julimar State 
Forest (30 km). This flock made a stopover in Chittering and Bindoon on its way to Julimar State 
Forest, a wandoo forest where pairs were observed prospecting around tree hollows (Fig. 3.2). CC72 
and its associated flock remained in this area until 23 January 2018 when its tag ceased 
communication. 
 
In Albany, the tagged birds joined flocks returning from the coast and moving inland. CC63 
immediately joined a flock that travelled north to the Granite Hill Reserve, east of the Porongorup 
Range. In this area the flock counted over 200 individuals mixed with Baudin’s cockatoos. The flock 
moved to the Porongorup Range in May and consistently foraged along the northern side of the 
Range, where the tag ceased communicating in September that year. CC70 moved to a blue gum 
(Eucalyptus globulus) plantation (Watercorp property) across from Albany Airport, where it joined a 
flock of 30 Carnaby’s cockatoos. This flock foraged consistently between the agricultural areas 
around the airport and the Mill Brook Nature Reserve until communication to the tag was lost in 
August 2017 (Fig. 3.2). 
 
The longest satellite data collected for Carnaby’s cockatoos were for the birds in Esperance. These 
birds were released into a large flock of over 300 birds that roosted at the Esperance Senior High 
School and surrounding areas. The tagged birds integrated within the first week and roosted 
consistently in the area around the release site. During the day, this flock split up while foraging, with 
most birds seeking out pine trees which were abundant within the region, after two months however 
the flock started splitting up and moved out of Esperance. In this region flocks moved great distances 
between blocks of remnant vegetation and pine. CC53 and CC52 did not move far from the release 
site before their tags stopped working, however, CC51 and CC50’s tag communicated for nearly a 
year (9 and 10 months respectively) and showed the movements of two separate flocks foraging to 
the east and west of Esperance (Fig. 3.2). Both flocks foraged predominantly on pine until around 
mid-November when the flocks made a shift south to the coastal region to forage on banksia, which 
grew in abundance near the coastline. CC51’s flock foraged around Munglinup Beach in early 2017 
(± 100 km from the release site) at which time transmission was lost and CC50’s flock foraged around 
the Condingup coast line (± 75 km from the release site) until February 2017, at which time the bird’s 




Figure 3.2: Satellite tracks from all Carnaby’s cockatoos, that were determined ‘integrated into a wild flock’, with data from 2016 CC46, CC47, CC48,CC49, CC50, CC51, CC52, 
CC53) and 2017 (CC70, CC63, CC71, CC72) for Western Australia.. a, b, c, d) Satellite tracks of CC46, CC47, CC48, CC71 displaying resident movement around Gingin; e) Satellite 
track of CC72 displaying resident movement in Gingin before moving to Julimar State Forest (breeding area); f) Satellite track of CC50 displaying a gradual ranging movement towards 
the east later in the year (Condingup, foraging on Banksia); g) Satellite track of CC51 displaying a gradual ranging movement north and then west to Munglinup where the flock 
foraged on Banksia later that year; h) Satellite track of CC52 showing resident behaviour around Esperance; i) Satellite track for CC53 showing resident movement around Esperance; 
j) Satellite track of CC70 showing consistent movement between Mill Brook Nature Reserve and a Watercorp property in Albany; k) Satellite data of CC63 showing a ranging 
movement towards the Porongorup Range where the flock foraged daily along the range and in Granite Hill Nature Reserve to the east. 
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Table 3.2: Movement information for Carnaby’s cockatoos in Western Australia based on the satellite data. Area: numbered resident areas (R)/numbered stopover sites (S), No. reloc: 
number of relocations, begin and end date of dataset, Area type: Type of region, Flock structure: Carnaby’s only or mixed with other black cockatoo species (Baudin’s cockatoo), Min. 
dist. to loc.: distance in km between one location and the next one, Av. Dist. between roosts (km): average distance between roosts for the satellite data in km, range in brackets.  
 



















Av. Dist between roosts 
(range) 
CC46 R1 63 10/03/2016 22/05/2016 Gingin 300 Carnaby’s  73 6 3.02 (0.5 - 5.3) 
CC47 R1 20 15/03/2016 26/03/2016 Gingin 300 Carnaby’s  42 4 8.11 (1 - 12.2) 
CC48 R1 94 10/03/2016 23/09/2016 Gingin 300 Carnaby’s  197 9 2.73 (0.3 - 6.9) 
CC50 R1 70 8/04/2016 17/06/2016 Esperance 300 Carnaby’s 20.97 to R2 70 9 6.06 (0.4 - 19.2) 
 R2 36 18/06/2016 20/10/2016  Esperance 300 Carnaby’s 29.01 to S1 124 6 6.43 (0.8 - 15.4) 
 S1 3 17/11/2016 17/11/2016 Esperance 300 Carnaby’s 32.38 to R3 1 - - 
 R3 24 18/11/2016 16/02/2017 Esperance 300 Carnaby’s  90 5 17.9 (1.9 - 29.7) 
CC51 R1 92 8/04/2016 22/07/2016 Esperance 300 Carnaby’s 26.86 to R2 105 13 17.48 (0.6 - 33.9) 
 R2 10 19/08/2016 21/08/2016 Esperance 300 Carnaby’s 39.81 to R3 3 2 16.83 
 R3 29 18/09/2016 19/11/2016 Esperance 300 Carnaby’s 89.68 to R4 62 4 6.52 (0.6 - 12.2) 
 R4 9 17/12/2016 16/01/2017 Esperance 300 Carnaby’s  30 4 2.92 (0.5 - 5.1) 
CC52 R1 84 6/04/2016 22/06/2016 Esperance 150 Carnaby’s 32.67 to R2 77 10 15.67 (0.6 - 24.5) 
 R2 8 21/07/2016 19/08/2016 Esperance 150 Carnaby’s  29 3 5.14 
CC53 R1 84 8/04/2016 22/07/2016 Esperance 100 Carnaby’s  105 12 11.07 (0.4 - 24) 
CC63 R1 3 9/03/2017 10/03/2107 Esperance 10 Carnaby’s 16.24 to S1 1 - - 
 S1 2 11/03/2017 11/03/2017 Esperance 100 Carnaby’s 9.86 to S2 1 - - 
 S2 7 12/03/2017 15/03/2017 Esperance 100 Carnaby’s 17.27 to R2 4 3 7.73 (2.6 - 10.3) 
 R2 189 17/03/2017 22/09/2017 Esperance 200 Mixed  189 15 12.52 (0.7 - 32) 
CC70 R1 82 7/04/2017 23/08/2017 Esperance 30 Carnaby’s  138 9 5.72 (0.6 - 13.7) 
CC71 R1 25 10/08/2017 23/09/2017 Esperance 70 Carnaby’s  14 4 2.91 (1 - 5.1) 
CC72 R1 52 10/08/2017 10/09/2017 Esperance 300 Carnaby’s 18.07 to S1 31 5 0.84 (0.2 - 1.5) 
 S1 2 21/09:2017 21/09:2017 Esperance 200 Carnaby’s 16.78 to S2 1 - - 
 S2 4 24/09:2017 24/09:2017 Esperance 200 Carnaby’s 12.10 to R2 1 - - 
 R2 57 5/10/2017 23/01/2018 Esperance 200 Carnaby’s  110 6 4.28 (0.4 - 7.8) 
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Movement variation between regional landscape types 
 
Visual exploration of the satellite data showed that distances in movement varied between region, 
especially when considering the movements between Gingin and the Southern regions of Albany and 
Esperance. When comparing the distances between roosts per region, distances appeared to be greater 
for Esperance and Albany. The results of the LME, however, showed that there was no significant 
difference in distances between roosts when comparing Gingin to Albany (n = 11, P > 0.05), Albany 
to Esperance (n = 11, P > 0.05) and Gingin to Esperance (n = 11, P > 0.05). The results for Gingin 
and Esperance, however, did approach significance (n = 11, P = 0.06). 
 
Difference in flock size 
 
Flock sizes did not differ between regions, and Gingin and Esperance had flocks of approximately 
300 individuals determined by counting in the field. CC63’s flock in Albany consisted of more than 
200 individuals and was a mixed flock, also comprising approximately 90 Baudin’s cockatoos (Table 
3.2). Flock sizes were determined at the roosts, as during the day flocks dispersed to forage and 
daytime flock sizes varied.  
 
3.3.2 Fine scale movement 
 
Fine scale movement was analysed using the GPS data collected for Carnaby’s cockatoos in 
Esperance (CC50, CC51 and CC53) and Gingin (CC46 and CC47). Average daily distance in Gingin 
was 12.63 km (5.25 - 24.78 km) and distance in Esperance was 18.8 km (3.26 - 82.29 km). The largest 
daily distance was travelled in Esperance with CC53 moving 82 km over the span of a day (Table 
3.3). Flock follows confirmed that this bird was in the company of a flock after integration.  
 
Differences in daily distances travelled between Gingin and Esperance were determined to be non-





Table 3.3: Daily movement and flock sizes for Carnaby’s cockatoos (GPS) across regional habitat in Western Australia for birds tracked in 2015 and 2017. Area: numbered resident areas (Fig. 3.4, R); 
No. reloc: number of relocations; Distance travelled in area (km): Minimum distance travelled in the area during the time period; Av. Daily Dist. (km): distance of flight on a daily basis for the time period 
of the dataset. 
 
                                       GPS data       
ID Area No. 
reloc 














CC46 R1 603 10/03/2016 19/03/2016 Gingin 100 66.89 8 5.25 8.36 14.61 
CC47 R1 797 10/03/2016 24/03/2016 Gingin 100 211.21 14 11.15 17.60 24.78 
CC50 R1 1419 7/04/2016 2/06/2016 Esperance 200 493.85 57 3.26 16.09 29.34 
CC51 R1 355 7/04/2016 8/05/2016 Esperance 200 138.62 32 5.10 13.65 21.96 










Key roosts (5+ revisitations) occurred along the riparian vegetation of Gingin Brook and a tree line 
near Beleura Ave (private property) for both the 2016 and 2017 data. Foraging data showed that the 
key foraging habitat (10+ revisitations) was situated along the riparian vegetation of Gingin Brook 
(Fig. 3.3, 2) and at the end of Lennards Road at a Macadamia farm (Fig. 3.3, 1; Table 3.4). Other key 
sites were a tree line of pine along Lennards Road (Fig. 3.3, 3) and a paddock along Cockram Road 
where birds were observed drinking from troughs on multiple occasions (Fig. 3.3, 4). Although daily 
foraging on native vegetation along Cockram Road was not determined as key habitat through 
revisitation analysis of the GPS data (only 14 days for CC47), field observations undertaken during 
flock follows, identified the roadside vegetation along Cockram Road as important habitat. Flock 
follows along Cockram Road confirmed potential threats of vehicle strike, due to flocks of Carnaby’s 




In Esperance the key roosting sites occurred around the Esperance Senior High School (Fig. 3.3, 1 
and 2), as well as a strip of remnant vegetation near the railway (Fig. 3.3, 3). On a daily basis the 
flocks would forage to the north of these roosts at several private properties that contained remnant 
native vegetation but mostly on a set of properties along Longbottom Lane that had very large pine 
trees (Fig. 3.3, 1). Field observations confirmed that near to this area the flocks would drink from 
water troughs and had a midday roost. Another key foraging habitat was confirmed along 
Longbotttom Lane at Paperbark cottage where they fed on a variety of native vegetation (Fig. 3.3, 2). 
Other remnant vegetation was visited frequently at the back of Esperance Senior High School and on 
private property near the railway (Fig. 3.3, 3 and 4). Interestingly, none of these key foraging sites 






Figure 3.3 Revisitation rates of the roost sites and foraging habitat of Carnaby’s cockatoos for Gingin and Esperance (Western Australia) (GPS and satellite data from 2012, 2015 and 
2017). Number of revisits (R) are ascending from purple to yellow. Numbers indicate the key habitat (roost or foraging site) analysed through recurse with the appropriate radius for 
the area. Foraging activity in the urban region is concentrated around the roosts, in the Peri-urban region and to a higher degree in the forest region foraging activity is more widespread 
around one or between several roosts. 
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Table 3.4: Key habitat sites for Carnaby’s cockatoos in Western Australia per region as determined by the recurse analysis. 
Radius: radius in metres used to calculate revisitation; Key habitat: referring to the numbers shown in Figure 3.3, Land 
tenure: official land tenure types as defined under the official cadastre (Landgate ®), description of the land tenure types 
can be found in Appendix 3.  
 






Land tenure Description of the site 
Gingin 
Roost 
500  1 15 Water (Type 3 W) Gingin Brook riparian 
vegetation 
  2 14 Transfer of Land 
Act (Type 1) 
Private property, Tree line 
parallel to Beleura Ave) 
  3 11 Transfer of Land 
Act (Type 1) 
Private property across Bowling 
Club 




200 1 18 Land Act (Type 2) Private property (nut farm) 
  2 10 Water (Type 3 W) Gingin Brook riparian 
vegetation 
  3 8 Transfer of Land 
Act (Type 1) 
Private property (pine trees) 




500 1 24 Land Act (Type 2) Private property (bush block) 
  2 21 Reserve (Type 3) Esperance Senior High School 
  3 6 Land Act (Type 2)  Bush block alongside railway 
Esperance 
Foraging 
150 1 50 Transfer of Land 
Act (Type 1) 
Private property Whispering 
Pines 
  2 32 Transfer of Land 
Act (Type 1) 
Private property  
  3 25 Reserve (Type 3) Esperance Senior High School 
  4 14 Transfer of Land 
Act (Type 1) 
Private property 
 
3.3.4 Home range and minimum area used 
 
Home ranges for the flocks’ resident areas were calculated for CC46 and CC47 in Gingin and CC50, 
CC51 and CC53 in Esperance. The mean areas used for the flocks in Gingin were 13.43 km2 (95% 
C.I. 10.27 km2-17 km2) for CC46 and a mean HR of 34.52 km2 (95% C.I. 26.18 km2-43.99 km2) for 
CC47. In Esperance, these were calculated at a mean HR estimate of 144.57 km2 (95% C.I. 111.89 
km2-181.38 km2) for CC50’s flock, 42.65 km2 (95% C.I. 31.14 km2-55.95 km2) for CC51’s flock and 
480.95 km2 (95% C.I. 389.39 km2-582.02 km2) for CC53’s flock.  
 
Although daily distances travelled did not seem to differ that much between regions, the size of the 
areas for the flocks were definitely noticeably larger in Esperance. With the smallest HR for 






Figure 3.4: Resident movement of Carnaby’s cockatoos (CC) in Western Australia (GPS data) depicting the home ranges (red contours) as calculated by the auto-corrected Kernel 
Density Estimation. a) GPS data for CC46 with a mean HR estimate of 13.43 km2 (95% C.I. 10.27 km2 - 17 km2); b) GPS data for CC47 with a mean HR estimate of 34.52 km2 (95% 
C.I. 26.18 km2 - 43.99 km2) ; c) GPS data for CC50 with a mean HR estimate of 144.57 km2 (95% C.I. 111.89 km2 - 181.38 km2); d) GPS data for CC51 with a mean HR estimate of 





Variation in movement between regions 
 
This research has provided insights into the movement activity of Carnaby’s cockatoos in the northern 
and southern regions of the species’ distribution in Western Australia. It had been previously stated 
by Williams et al. (2017) that knowledge on flock sizes and food resources available outside the 
Perth-Peel region were not well-known. By releasing Carnaby’s cockatoos equipped with satellite 
and GPS tags in Gingin, Esperance and Albany, we aimed to gain new region-specific information 
on the movements of the species. In addition, flock follow data strengthened our interpretation of the 
telemetry results, with flocks followed for over nine months in Esperance (06/04/2016 - 17/01/2017), 
five months in Gingin for 2016 (10/03/2016 - 23/08/2016), 2 months in Gingin for 2017 (10/08/2017 
- 26/10/2017) and 3 months in Albany (08/03/2017- 24/06/2017).  
 
Although the results showed no significant difference in daily foraging distances for Carnaby’s 
cockatoos between the different regions (n = 5, P > 0.05), this may reflect the shorter time that the 
GPS data were collected compared with the Satellite PTT data. Home range sizes in Esperance ranged 
from 42.65 km2 - 480.95 km2 and were greater than Gingin, where home rages ranged from 13.43 km2 
- 34.52 km2, which may reflect more spatially or sparsely distributed food resources in the Esperance 
region. The larger scale distribution of foraging habitat in Esperance was confirmed during flock 
follows and ground truthing of the satellite data (Fig. 3.2) which, collected over a longer temporal 
span, confirmed that birds had to travel farther to reach remnant vegetation.  
 
Movement of flocks of Carnaby’s cockatoos is thus directed by the resources available within the 
region, and the spatial distribution of those resources across the landscape. The differences in HR for 
flocks between Gingin and Esperance (Fig. 3.4) gave further weight to this conclusion. Therefore, 
habitat management for conservation of this species requires a region-specific focus, especially since 
the seasonality of movements is driven by food resource availability in the landscape and breeding 
activity. For example, in Albany and Esperance, flocks primarily foraged inland on pine (Pinus 
pinaster) in addition to native vegetation during Autumn and Winter, shifting to the coastal regions 
in Spring and Summer to feed on banksia (Banksia attenuata). In Gingin, flocks of Carnaby’s 
cockatoos fed predominantly on marri and other native vegetation throughout the year. Birds in the 
Esperance region are suspected to travel farther, due to the spatial separation of habitat in this region. 
In regions such as Esperance, where flocks appear to travel farther to forage between patches of 
suitable habitat, Carnaby’s cockatoos might be more susceptible to the impacts of habitat 
60 
 
fragmentation. Similarly, Hinsley (2000) reported, that when distances between patches increase due 
to habitat modification, birds that forage over these separated resources are put under increased 
pressure. As stated by Gardner and Gustafson (2004), the distinctive nature of a landscape matrix will 
always influence the dispersal of a species, especially when the matrix of patches of native habitat 
within the landscape is expected to influence animal movement paths. This, however, cannot be 
measured without considering daily foraging distances (travel between food resources) (Table 3.3) 
(Bender and Fahrig 2005). The data in this research indicated that movement for Carnaby’s cockatoos 
takes on a region-specific character, as the movement between different food resources varied over 
time depending on region. In contrast to Gingin for example, satellite PTT data showed that in the 
southern regions, flocks would concentrate foraging on native vegetation (predominantly banksia) in 
the coastal regions during the summer months. Flock follows in Esperance also suggested that after 
the initial month post release, foraging distances increased over time, as flocks seemed to move 
farther between different patches of habitat. In addition, exploration of the GPS data showed that 
average daily foraging distances increased from two km from the roost site to five km the second 
month post release. Flock follows in Gingin, however, indicated foraging patterns to be more 
consistent. It is therefore important to consider flock movements from a region-specific perspective 
when investigating movements between suitable habitat patches. 
 
Carnaby’s cockatoos are a highly adaptive species and can move large distances between foraging 
habitat depending on the landscape (> 80 km, Table 3.3). This, in combination with varying habitat 
matrix, makes it hard to make predictions on the species’ maximum distance tolerated between 
suitable habitat. Neuschulz et al. in (2013) emphasised that bird assemblages in human modified 
landscapes benefitted from habitat patches nearby large natural forests, adding spatial connectivity in 
the landscape. Similarly, flocks of Carnaby’s cockatoos in Esperance travelled moderate distances 
during ranging movements (29.01 - 39.81 km) later in the year to patches of isolated pine which were 
also linked to a nearby roost site. This illustrates the importance of retaining remnant vegetation in 
agricultural landscapes as foraging habitat or roosts, and to provide landscape connectivity (Fischer 
and Lindenmayer 2002). Retaining tree cover on agricultural land, with tree species appropriate for 
foraging, roosting or breeding, as either bordering features, dispersed within a field or as windbreaks, 
provides clear conservation gains and is compatible with agricultural practices (Harvey et al. 2004, 
Harvey et al. 2006). Flock follows over the three regions confirmed that patches of remnant vegetation 
within agricultural regional landscapes potentially play an important role in the movements of 
Carnaby’s cockatoos through the landscape, whether it is on a small scale like Gingin or a larger scale 






Key sites of non-native vegetation and commercial food resources 
 
One of the key findings of this research were the high revisitation rates of key sites like the pine trees 
on private properties in Esperance or the macadamia farm in Gingin. The pine trees on the private 
properties along Longbottom Lane allowed the Esperance flock to stay in the area for a month and 
possibly longer; the flocks would feed on remnant native vegetation as well but would visit this key 
site on a daily basis (Fig. 3.3). Flock follows suggested that the macadamia farm in Gingin was also 
a constant foraging site for the flocks in this area for up to a month or longer, and was visited by 
flocks over consecutive years (2016 - 2017). Similar to the flock in Esperance, the flock in Gingin 
would forage on native vegetation in addition to the macadamia farm. In Albany, the flock of CC63 
roosted and foraged on the Granite Hill Reserve and the nearby abandoned Blue Gum plantation, 
where the flock fed on pine and native vegetation for approximately 48 days, before moving towards 
the Porongorup Range. These sites were deemed important since they provided foraging opportunities 
for flocks of Carnaby’s cockatoos numbering 200-300 individuals. The high revisitation rates to these 
sites are most likely due to the high nutritional energy content of the seeds of these plant species and 
the ability to support large flocks (Stock et al. 2013, Groom et al. 2017, Williams et al. 2017). 
 
It is clear that key foraging sites in Esperance and Granite Hill Reserve, which are located on private 
property, must be protected. Sites like these illustrate the importance of the non-native pine species 
in the diet of Carnaby’s cockatoos throughout the non-breeding season. Although pine is an important 
food source for Carnaby’s cockatoos, cone bearing productivity varies between trees and is highly 
unreliable as a consistent food resource, which means carrying capacity of patches of pine vary as 
well (Williams et al. 2017). However, it is clear, that non-native foraging species such as pine, 
augment native food sources  and could therefore be considered for non-commercial planting. The 
variability and depletion of food resources in combination with low reproductive rates in Carnaby’s 
cockatoos are found to create increasingly severe resource bottlenecks for the species (Stock et al. 
2013, Williams et al. 2017). High foraging use of pine confirmed in regional areas in this study 
underlines the importance of retaining pine as a conservation initiative for recovery of the species, as 
further loss of foraging resources may have detrimental impacts on the population.  
 
In the case of the macadamia farm in Gingin, other factors arise as this is an economic food species 
for human consumption. Foraging by Carnaby’s cockatoos on macadamias has the potential to result 
in human-wildlife conflict. Black cockatoo species, such as the Baudin’s cockatoo, have long been 
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regarded as a “pest” species by orchardists (Chapman 2007). Macadamia has been reported as one of 
the primary food species for Carnaby’s Cockatoos (Valentine and Stock 2008) and it is clear from 
our results that this food species attracts large flocks of Carnaby’s cockatoos in the landscape. 
Although there has not been any published research done on the interaction between flocks of 
Carnaby’s cockatoos and macadamia farms, it is clear that investigation into mutually beneficial 




The findings of this research demonstrate that Recovery Plans and habitat conservation plans for this 
species should be region-specific. White et al. (2014) identified a western and eastern population of 
Carnaby’s cockatoos with different migration patterns. Our research shows that there are different 
populations within regions that exhibit different movement patterns depending on the region. These 
movements are largely driven by the resources and their location within the landscape. The extent of 
habitat isolation is dependent on the matrix of suitable habitat within a region, which is why remnant 
vegetation must be retained in agricultural landscapes in these regional areas. However, when habitat 
trees are located close to or along roads, proper management of these trees must include setbacks 
from the road and removing lower branches to reduce chances of vehicle strike impacting on the 
birds.  
 
Another potential human-wildlife conflict occurred in Gingin when flocks targeted a macadamia farm 
on Lennards Road. Although there are non-lethal means to discourage flocks of Carnaby’s cockatoos 
targeting the crop, damage will occur particularly where crops are un-netted (Chapman 2007). 
However, Cerra (2017) described means to persuade landholders to take on a role of ecological 
stewardship which would provide a mutually beneficial approach to human-wildlife conflict. 
Although this might not be appropriate for macadamia farms, it certainly is for private land that holds 
pine trees or other food species. Further species-specific management implications are discussed at 






Chapter 4: Movement and distribution of forest red-tailed black 









Forest red-tailed black cockatoos (RTBC) are an iconic endemic species to southwest Western 
Australia, inhabiting both urban landscapes and forested areas. The species’ distribution is associated 
with jarrah (Eucalyptus marginata)-marri (Corymbia calophylla) forests, however over the last 24 
years the species has expanded its distribution range, with birds moving onto the SCP (Cooper et al. 
2003, Department of Environment and Conservation 2008, Weerheim 2008, Johnstone et al. 2013, 
Lee et al. 2013). Ongoing research indicates there have been changes in the foraging ecology of this 
species, which are thought to be associated with displacement due to habitat loss in forest areas and 
adaptation to utilising different food resources (Lee et al. 2013, Johnstone and Kirkby 2017). The 
movement from the Darling Scarp onto the SCP by RTBC is thought to be assisted by foraging on 
cape lilac (Melia azedarach) and marri seeds (Biggs et al. 2011, Johnstone and Kirkby 2017), and 
has been regarded as exceptional; as the species has long been thought to demonstrate high site-
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fidelity with flocks exhibiting permanent residency to a particular area (Weerheim 2008, Johnstone 
and Kirkby 2017).  
 
The RTBC has experienced a steady decline in its population over the last 60 years and is thought to 
have disappeared from approximately 30% of its former range (Cooper et al. 2003, Johnstone et al. 
2013, Johnstone and Kirkby 2017). The species is listed as Vulnerable at the state and federal levels 
(Department of Environment and Energy 2019c) and has a Recovery Plan outlining threatening 
processes and required mitigation actions. Population declines, as for the other two species of black 
cockatoo endemic to Western Australia, have been mainly attributed to land clearing and the 
associated loss of breeding and foraging habitat (Johnstone and Kirkby 2017). Although the species 
has displayed a degree of plasticity to an ever-changing landscape due to land clearing, the population 
is declining and has been estimated at only 15,000 individuals (Weerheim 2008).  
 
Prior to this study, significant knowledge gaps regarding the species’ movement ecology remained, 
which hindered conservation management initiatives. Developing a better understanding of the 
species’ movements and distribution was considered essential in order to address key actions in the 
Recovery Plan associated with mapping and protecting critical habitat at the landscape level 
(Department of Environment and Conservation 2008), and to enable informed decisions regarding 
species conservation (Department of Environment and Conservation 2008). 
 
To gain new information on the species’ distribution and movements, satellite PTT and GPS telemetry 
tags were attached to RTBC for the first time in 2015, as part of my research into their movement 
ecology (Yeap et al. 2017, Rycken et al. 2019). These tagged birds were released into wild flocks at 
sites across their distribution range between 2015 and 2017. This research project aimed to utilise the 
tracking data collected from the birds post-release, to undertake analyses focusing on movement 
patterns and habitat utilisation, in order to gain a deeper understanding of the species’ requirements 
in the landscape, especially within the fragmented urban framework and the forested zones of 
Southwest Western Australia. Specifically, the research aimed to: 1) investigate long-term 
movements across different regions (Urban, Peri-urban and Forest), 2) investigate short-term 
movements across different regions (Urban, Peri-urban), 3) identify key foraging and roosting habitat, 







4.2.1 Study birds and tags 
 
Birds used in this research were injured in the wild and subsequently rescued and treated at Perth 
Zoo. After treatment, they were rehabilitated at the Kaarakin until flight ability and general health 
and fitness were optimal, which was assessed by staff from the Western Australian Department of 
Biodiversity, Conservation and Attractions. Following rehabilitation the aim was to release these 
birds back into the wild into known flocks of conspecifics. 
 
Over the course of this research, a total of 31 RTBC were released into wild flocks over four different 
release sites between 2015 and 2017. The first release took place at Murdoch University (-32.06° S, 
115.83° E) in 2015. The second release was in Nannup (-33.98° S, 115.73° E) in late 2016, and the 
last two releases were undertaken in 2017 in Denmark (-34.96° S, 117.21° E) and Waroona (-32.79° 
S, 116.01° E) (Fig. 4.1). Prior to this research, RTBC had traditionally been soft-released by Kaarakin, 
as it was thought that this was the best approach to ensure successful release of this species. Therefore, 
a soft-release approach was used for the first release of RTBC at Murdoch, with seed being provided 
at the release site on a daily basis for two weeks following release. The seed bowls were placed on 
tables in a secure location within paddocks near water troughs where the resident flock drank 
regularly. It was apparent from visual observations and tracking data that none of the released birds 
fed on the food that had been provided, and that a soft-release approach was not warranted for this 
species, therefore subsequent releases were undertaken in the same manner as for the other two 
species of black cockatoo and did not involve the provision of food. Of the 31 birds released, 14 were 
tagged with both satellite PTT and GPS units and two with satellite only (Table 4.1). Birds that 
integrated into a wild flock were considered as markers for the flock’s movement. As this research 
focuses on flock movement, birds that were not integrated were not included for analysis. Three birds, 
RTBC66, RTBC68 and RTBC6167, were not included for analysis, as their tags only communicated 
for five days and flock membership was not established. Release sites were selected in consultation 
with the Forest Black Cockatoo Recovery Team and DBCA, and were based on the species’ 
distribution and specific interest in areas for which the movements of local flocks of RTBC remained 
largely unknown (see Chapter 2). 
 
One month prior to tag attachment, biological samples from the study birds were collected under 
anaesthesia for health testing, and birds were anaesthetised again for tag attachment two days before 
the release. The attachment procedure was adapted from previous work on black cockatoos, as per 
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Yeap et al. (2017). A detailed description of the health testing and tag attachment procedures can be 
found in Chapter 2. 
 
4.2.2 Satellite and GPS programming 
 
Satellite PTT tags were programmed to enable the identification of night roost sites, and to maximise 
the time period (1 - 407 days) over which data would be received, to enable the capture of landscape 
scale movement. Roost site identification was necessary to facilitate manual GPS downloads at night 
when the flock would be roosting. The satellite PTT tag’s schedule was set to communicate mostly 
(± 70%) at night (20:00 – 24:00). Morning communication periods (06:00 – 10:00) provided the 
opportunity to follow flocks during the day, using an Argos AL-1 PTT Locator, to assess flock size 
and foraging activity. The communication schedule of the satellite PTT tag was most intensive the 
first two weeks post release to maximise GPS data downloads, as the GPS tag’s retention time was 
uncertain. After the initial two weeks, communication periods were set at a longer interval to 
maximise battery life and allow for the identification of the flock’s locations over a longer timespan 
(see Chapter 2).  
 
GPS tags were solar powered and set to communicate every ten minutes, and collect location fixes 
and accelerometer readings every 15 minutes during the day (05:30 – 18:30) and every 30 minutes at 
nights (18:30 – 05:30). Depending on solar charge, GPS tags recorded at a frequency of 2.5 - 15 
minutes during the day and 2.5 - 30 minutes at night (max. time interval 30 minutes). Using a base 
station and a relay, the GPS data were manually downloaded at the roost site location of the flock at 
night (see Chapter 2). 
 
Flock follows and behavioural sampling were undertaken on morning communication periods of the 
satellite PTT tag; the protocol is described in Chapter 2. Flock follows were usually difficult to 
undertake, due to the layout of the landscape and the fact that overall, flocks dispersed into small 
family groups to forage during the day. 
 
4.2.3 Treatment of the data 
 
Datasets of both satellite and GPS were examined for erroneous locations and other errors (speed, 
time differences). For analysis of the satellite data, only location fixes with an accuracy class of 2 or 




Table 4.1: Track and movement summaries of tagged forest red-tailed black cockatoos (RTBC), for which I collected data, released between 2015 and 2017 on the Swan Coastal Plain 
and in the southwest of Western Australia. Study birds were identified with an identifier (ID) using RTBC for red-tailed black cockatoo and the last two numbers (or more, in case of 
identical ID numbers) of the satellite identification number (Sat ID). Age: Sub-adult (2-4 years), Adult (4≤ years).  
 
ID Sat ID GPS ID Year Release 
Site 




























Sub-adult F 26/08/2015 9/10/2015 
- 
55 45 44 
 




































RTBC66 159166 - 2016 Nannup Adult F 2/11/2016 7/11/2016 - 17 44 5 
RTBC67 159167 - 2016 Nannup Sub-adult M 2/11/2016 18/01/2017 - 54 30 76 
RTBC68 159168 - 2016 Nannup Adult F 2/11/2016 7/11/2016 - 14 18 5 

































RTBC75 166175 - 2017 Waroona Adult F 21/09/2017 6/03/2018 - 120 171 166 





Figure 4.1: Study area depicting the various release sites in Western Australia for the forest red-tailed black cockatoo 
(RTBC) research between 2015 and 2017. a) Satellite data of RTBC96, RTBC97, RTBC98 and RTBC 99 collected in the 
Perth Metropolitan area in 2015; b) GPS data of RTBC96, RTBC98 and RTBC99 collected in the Perth Metropolitan area 
in 2015; c) Satellite data of RTBC75and RTBC82 collected in Waroona in 2017; d) Satellite data of RTBC66, RTBC67, 
RTBC68 and RTBC69 collected in Nannup in 2016; e) Satellite data of RTBC56, RTBC6166 and RTBC6167 collected 
in Denmark in 2017. 
 
Flock integration was either confirmed by visual observation during flock follows or when GPS data 
were adequate through behavioural change point analysis (Gurarie et al. 2009), and only data 
collected from tagged birds following flock integration was analysed. The BCPA method is described 




Initial data exploration identified three types of movement: landscape-scale ranging movement, 
medium-scale ranging movement and resident movement (Fig. 4.2). Categorising movement using 
the satellite data at an initial stage was necessary to define the resident areas for which movement 
characteristics could be calculated at a later stage using GPS data. Resident movement was defined 
as all daily activity, such as foraging, roosting and breeding, within a resident area, excluding any 
ranging movements (between 10 and 40 km) between resident areas in the non-breeding season and 
landscape-scale ranging movements (≥ 40 km) associated with possible breeding events (distances 
for ranging and landscape-scale movements were determined through exploration of the utilisation 
distribution). Resident areas for RTBC were defined as areas within a home range in which a flock 
demonstrated resident movement for a duration of time consisting of daily foraging movements from 
and to roosts not exceeding more than 10 km from the roost. Ranging movements occurred between 
these resident areas and were not categorised as resident movement due to these movements being 
unidirectional, that is, exceeding 10 km and/or the fact that the flock displayed resident movement in 
a different area/region after the range shift. Landscape-scale ranging movements were defined as 
accumulated ranging movements, comprising a series of stopover sites, over a total distance 
exceeding 50 km, and which were likely to be associated with movement to or from a breeding area. 
Stopover sites were sites used by the flock for a period of up to five days whilst undertaking 
landscape-scale ranging movements. In addition, I categorised movement per region; and defined 
three different regions (Urban, Peri-urban and Forest) based on human settlement and activity. 
Regions were categorised as Urban if they possessed continuous settlements within a distance less 
than 200 m between buildings as per Hedblom and Söderström (2010). Peri-urban regions were 
defined as regions that displayed a mixture of fragmented urban and rural landscapes (Iaquinta and 
Drescher 2000). Forest regions were regions that comprised mainly forest habitat, which was 
generally classified as State Forest, National Parks or Nature Reserves. 
 
Within a resident area, flocks use a network of connected roost sites. Roost sites for RTBC were 
defined as sites consisting of one or more suitable roost trees within a 500 m radius in Urban or Peri-
urban regions, or a one km radius in a Forest region. Key roost sites were roost sites that were 
determined to have a revisitation rate of at least five times and key foraging habitat was revisited at 
least 10 times.  
 
GPS analysis was primarily focused on the resident areas to identify the key foraging habitat and key 
roosting sites, calculate the average daily distances travelled by different flocks and measure the home 
range size of these areas. Since the GPS data were concentrated mostly in urban areas, I focused on 
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the species’ foraging behaviour in the Urban region and in relation to distances to roads in this region. 
The latter point was considered to be of importance since the carcass of one of the released birds, 
RTBC97, was recovered following vehicle strike, 10 months after it was released, at Karel Avenue; 




Satellite and GPS data for resident areas were analysed using the “sp” (Pebesma and Bivand 2005) 
package in RStudio 1.0.153 (all R analysis was run using RStudio version 1.0.153; RStudio Team 
2009-2017), to determine speeds and time differences between location fixes and to calculate the 
average distances between roosts or average daily distances travelled in resident areas. Pairwise 
average distance was calculated between roost sites to compare distances between roosts over 
different regions. Average daily distances travelled in resident areas were calculated using the GPS 
data, to investigate daily foraging distances over different regions and between different flocks. 
Distances between roosts for satellite data and daily distances travelled for GPS data were then tested 
for differences between regions and between ID’s within a region using a LME model in R (version 
3.5.3; R Core Team 2019).  
 
A recursion analysis (“recurse” package, Bracis et al. 2018a) was used to identify key roost sites and 
key foraging sites through the use of revisitation statistics. A radius had to be set as a precursor for 
the analysis, to calculate the revisitation index for each location.  
  
To determine key foraging sites (data from sunrise to sunset) a radius was set depending on region. 
A radius of 10 m was used for the Urban region and 50 m for the Peri-urban region. Due to the nature 
of the species’ foraging behaviour and the high intensity recording schedule of the GPS tag, a 
threshold of one hour was set in addition to the radius size to accurately represent visitation to that 
particular site. This meant that an individual had to leave the area for an hour before any revisit to the 
site would be recorded. Occurrence of a flock at a site over several hours would reflect the ecological 
relevance of the site and demonstrate potential capacity and ecological importance of the foraging 
resources present. To illustrate the key foraging sites with the highest revisitation rates, the upper 
20% were calculated.  
 
The analysis to determine key roost sites was initiated by grouping the data by all first occurrences 
after sunset when flight speed dropped to 1 m/s and below (roosting). A radius of 500 m proved to be 
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appropriate for these data since only a small percentage (2%) of movement steps exceeded 1 m/s. 
This radius was used across regions to determine the key roost sites for RTBC. 
 
As one of the objectives was to investigate the use of roadside vegetation in daily foraging patterns, 
I used a shapefile of the Western Australian road network (Road_Network.shp; 
https://catalogue.data.wa.gov.au/dataset/road-network/resource/7d4f1d45-614d-4975-a19d-
21fbd2f00e5a) to calculate distances between location fixes and nearest road using the “rgeos” 
(Bivand et al. 2018) package in RStudio (version 1.0.153; RStudio Team 2009-2017). As roadside 
verges are of different sizes throughout the landscape and can often span well over 10 metres 
depending on the road, I looked at where foraging occurred within 10 metres of any road. I then 
compared percentages of foraging data within 10 m, 20 m, 50 m and a 100 m of any road for the 
Urban and Peri-urban region and tested these for significant differences between regions using a 
Pearson’s Chi-squared test in R (version 3.5.3; R Core Team 2019). 
 
As a final step, the home ranges (HR) were calculated, for resident areas only, within each of the 
regions through an AKDEc using the R package “ctmm” and applying the Ornstein-Uhlenbeck F 
(OUF) model, which estimates autocorrelation for both position and velocity (Calabrese et al. 2016). 
This method calculates a kernel density estimation and corrects for auto-correlated data associated 
with the GPS data, as well as estimating bandwidth using a method that corrects area estimate bias 
(Fleming and Calabrese 2017). HR for three birds in the Urban region and one bird in the Peri-urban 





The data collected over the four releases between 2015 and 2017 comprised more than 1,248 km of 
satellite data (n = 952) and 1,644 km of GPS data (n = 18,350). After initial analysis all data proved 
to be highly irregular and autocorrelated, due to the recording schedules of the tags, the battery levels 
and the behavioural ecology of the species. In addition, since RTBC are inquisitive in nature and 
because the study birds could easily remove the GPS tags attached to back feathers, these tags were 
generally retained for relatively short periods of time (up to 70 days, RTBC99). Satellite PTT tags, 
however, were well tolerated and were usually left untouched by the birds, so these tags were 
generally retained for long periods of time (up to 407 days, RTBC69) and moulted out with the central 
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tail feathers. A total of 93 hours of flock follow observations of RTBC were undertaken across all 
regions. 
 
4.3.1 Landscape scale movement based on satellite data 
 
During this research, satellite data, which provided landscape scale movement data, were the primary 
data used to locate night roosts, due to the programming of the tags. As mentioned in 4.2.2, satellite 
communication periods were focused on night transmissions to locate the flock and facilitate GPS 
downloads, and morning transmission periods were utilised to conduct flock follows. Since daytime 
location fixes did not occur throughout the whole day (06:00 – 10:00 only), satellite data could only 
be analysed in terms of movement over larger temporal scales and calculations of average distances 
between roosts in any resident areas across different regions. Due to flock follows being undertaken 
during morning transmissions, I was able to estimate flock sizes and gain insights on their daily 
behaviour across different areas. Prior to exploring individual tracks, ranging movements were 
defined, and different resident areas used by individual study birds were identified. These factors of 
flock movement, which were identified through the exploratory analysis of the satellite data, are 
detailed in Table 4.2 and displayed in Figure 4.2. 
 
Analysis of the satellite data showed that for the Murdoch release (Urban region) in August 2015, the 
three different flocks which the tagged birds (RTBC99, RTBC98, RTBC97 and RTBC96) joined 
following release, all made a shift towards the Peri-urban region along the Darling Scarp later in the 
year (mid-September - early November 2015), as can be seen in Figure 4.2. RTBC97 does not show 
this movement, since its satellite PTT tag stopped communicating prior to the shift, however this bird 
was bonded with RTBC98 and had integrated into the same flock, therefore it is suspected to have 
travelled to the Peri-urban region as well. In the Peri-urban region (Darling Downs), RTBC98’s and 
RTBC96’s flocks joined together as a larger flock which roosted on private property across from the 
Oscar Bruns Reserve, and RTBC99’s flock arrived in the Peri-urban region (Byford) later; in 
December that year. The flocks stayed in the region until the start of April 2016, when tag 
communications ceased. During this summer period, these flocks moved in and out of the Darling 
Scarp. 
 
In Nannup in the southwest of Western Australia (Forest region), all four transmitter birds that were 
released in November 2016 joined different flocks. With the exception of RTBC69’s flock, these 
flocks each contained well over 100 individuals, and consisted mostly of bonded pairs with small 
fledglings. RTBC66’s flock foraged southwest of Nannup (Jalbarragup) and roosted on agricultural 
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land along St John’s Brook. The other flocks roosted and foraged in Barabup northwest of Nannup. 
RTBC66’s and RTBC68’s tag stopped communicating within a few days, but RTBC67’s tag 
functioned for three months, showing movement mainly along the river near Barrabup pool. 
RTBC69’s tag worked for over a year, and showed gradual movement by the study bird and its flock 
through the forest from Barrabup to Baudin and then onto the SCP near Busselton. This move onto 
the SCP occurred between September and December of the following year, suggesting that in certain 
regions, some flocks move onto the SCP during the summer period.  
 
For the Denmark release, in June 2017, movement data were collected for only two birds, RTBC6166 
and RTBC56; since the tags attached to RTBC6167 and RTBC65 ceased transmitting data before the 
birds were observed to be integrated into flocks. 
 
RTBC6166 was observed to have integrated into the flock (bonded with a female and juvenile) at the 
release site on the 5th of August 2017 and travelled with the flock from the Peri-urban region in 
Shadforth, Denmark, to the forest region of the Mt. Lindesay National Park. RTBC56 immediately 
flew to Frankland State Forest post release, where it joined a flock of 20 conspecifics. It remained in 
this area for two months before the flock moved to Redmond State Forest, where it was observed 
with a flock of approximately 50 birds, and then travelled across the Mt. Lindesay National Park to 
Tonebridge, which was the last area for which data were collected for this bird. The data show that 
RTBC56 travelled a minimum distance of 188 km to the Tonebridge area over a period of nine 
months. 
 
The last RTBC release took place in Waroona in September 2017, at a known roost in a valley in the 
forest above Nanga Brook Road. RTBC75 joined a flock of approximately 50 conspecifics (families 
with fledglings) which foraged in Coolup on remnant vegetation on agricultural land and along Nanga 
Brook Road in Waroona for five months between the end of September and start of February 2018. 
RTBC82, joined a flock in Dwellingup of approximately 100 birds, and shortly thereafter moved east 
to Jelcobine (55.92 km), over a period of 11 days. The last transmissions from this bird’s tag were 





Table 4.2: Movement metrics for forest red-tailed black cockatoos (RTBC) in Western Australia based on satellite data. Areas were defined as either ‘Resident’ (R) or “Stopover” (S) 
sites and were numbered in sequential order. ‘No. reloc’ represents the number of relocations collected for the dataset between the begin and end dates. Flock structure was defined as 
a flock consisting of forest red-tailed black cockatoos only or mixed with other black cockatoo species. ‘Min. dist. to loc.’ presents the distance in km between one area and the next 
one. ‘Av. Dist. between roosts’ was defined as the average distance between roosts for the satellite data in km, range in brackets.  
 



















Av. Dist between 
roosts (range) 
RTBC96 R1 47 26/08/2015  11/09/2015 Urban <50 RTBC 10.02 to R2 16 5 1.37 (0.5 - 2.5) 
 R2 71 22/09/2015 7/04/2016 Peri-urban >70 RTBC - 199 12 1.18 (0.2 - 2.6) 
RTBC97 R1 3 26/08/2015 9/10/2015 Urban <50 RTBC - 44 7 2.95 (0.2 - 6.8) 
RTBC98 R1 33 26/08/2015 22/10/2015 Urban <50 RTBC 40.24 to R2 58 7 2.84 (0.3 - 5.7) 
 R2 11 6/11/2015 7/04/2016 Peri-urban >70 RTBC - 153 6 4.13  (1.2 -7.9) 
RTBC99 R1 69 26/08/2015 3/11/2015 Urban 50 RTBC 33.67 to R2 69 5 2.07 (0.2 - 4.3) 
 R2 18 8/12/2015 8/04/2016 Peri-urban >50 RTBC - 122 3 1.01 (0.2 - 1.3) 
RTBC66 - 8 5/11/2016 7/11/2016 Forest <100 RTBC - 4 2 9.28 
RTBC67 R1 48 4/11/2016 18/01/2017 Forest 100 RTBC 11 to R1 75 7 1.48 (0.1 - 3.9) 
RTBC68 - 14 5/11/2016 7/11/2016 Forest >100 RTBC  5 1 - 
RTBC69 R1 177 4/11/2016 16/08/2017 Forest 50 RTBC 9.75 to R2 91 21 10.54 (0.1 - 28.3) 
 R2 20 13/09/2017 14/12/2017 Peri-urban 50 RTBC 13.24 to R1 
31.19 to R2 
32 5 5.98 (0.2 - 13.4) 
RTBC56 - 2 8/06/2017 9/06/2017 Forest <50 RTBC 26.60 to R1 1 1 - 
 R1 49 11/06/2017 5/08/2017 Forest 20 RTBC 47.99 to R2 55 4 2.83 (0.7 - 4.8) 
 R2 24 17/08/2017 21/12/2017 Forest 30 RTBC 50.10 to R3 126 3 2.27 (1.1 - 2.9) 
 R3 9 19/01/2018 19/02/2018 Forest 50 RTBC 63.83 to R4 31 3 3.06 (1 - 4.5) 
 R4 8 20/03/2018 21/05/2018 Forest 50 RTBC - 62 2 2.29 
RTBC65 R1 13 12/06/2017 22/06/2016 Peri-urban <50 RTBC - 11 3 1.59 (1.1 - 2.3) 
RTBC6166 R1 11 5/08/2017 19/08/2017 Peri-urban <50 RTBC 3.11 to R2 14 1       - 
 R2 16 19/08/2017 22/10/2017 Forest 100 RTBC - 64 1       - 
RTBC6167 - 10 8/06/2017 13/06/2017 Forest <100 RTBC 32.95 to R1 5 2 - 
RTBC75 R1 119 21/09/2017 4/02/2018 Peri-urban 50 RTBC - 146 13 5.23 (0.4 - 14.6) 





Figure 4.2: Satellite tracks from all forest red-tailed black cockatoos (RTBC) that were determined ‘integrated into a wild flock’, with data from 2015 (RTBC96, RTBC97, RTBC98, 
RTBC99), 2016 (RTBC66, RTBC67, RTBC68, RTBC69) and 2017 (RTBC56, RTBC6166 and RTBC82, RTBC75) for Western Australia (resident movement: red, ranging movement: 
white). a) Satellite track of RTBC96 displaying a ranging movement between R1 (Champion Lakes) and R2 (Wungong); b) Satellite track of RTBC97 in the Urban region; c) Satellite 
track for RTBC98 displaying a ranging movement from the Urban region to the Peri-urban region; d) Satellite track of RTBC99 displaying a ranging movement from its resident area 
around Murdoch University to Byford; e) Satellite track of RTBC66, communication ended after its integration into a wild flock; f) Satellite track for RTBC67 which joined a flock of 
RTBC at R1; g) Satellite track for RTBC68 which joined a flock after a ranging movement but stopped communicating; h) Satellite data for RTBC69, which communicated for a year 
and moved between Nannup and Yoongarillup, Busselton; i) Satellite track for RTBC56, which was released in Denmark and moved across the range off Mt. Lindesay to Tonebridge; 
j) Resident movement of RTBC6166, which joined a flock and moved to R2; k) Satellite track for RTBC82, which joined a flock in Dwellingup and moved to Jelcobine shortly 
afterwards; l) Resident movement of RTBC75 around Waroona.
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Movement variation between regional landscape types 
 
Initial track analysis appeared to show great variance in movement between the different region types. 
Calculations of the average distances between roosts, however, did not demonstrate any distinct 
differences in distance across regions (Urban 1.37 km - 2.95 km; Peri-urban 1.01 km - 5.98 km, Forest 
1.48 - 9.28 km). Distances between roosts showed no significant difference between regions (n = 11, 
P > 0.05). In terms of differences in distance between roosts within a region, no conclusions could be 
made, as the average distances between roosts varied within a region as well (Table 4.2). Within a 
single region, no differences were found for the Urban region (n = 11, P > 0.05). For the Peri-Urban 
region significant differences occurred between RTBC96 and RTBC75 (n = 7, P < 0.001), RTBC96 
and RTBC82 (n = 7, P < 0.001), and RTBC96 and RTBC98 (n = 7, P < 0.05). The comparison of 
individuals in the Forest region showed a significant difference between RTBC56 and RTBC69 (n = 
7, P < 0.05), and between RTBC67 and RTBC69 (n = 4, P < 0.001).  
 
It appears that movement took on a specific character depending on the movement patterns of the 
flock and that although only in a few cases differences in distances between roosts within a region 
occurred, the flocks displayed varying movement behaviour (Fig. 4.2). Such flock-specific variation 
between flock movements within a region was displayed, for example, by RTBC99’s flock and 
RTBC98’s flock in the Urban region, and RTBC75’s flock and RTBC82’s flock in the Peri-urban 
region of Waroona. 
 
Differences in flock size 
 
Flock sizes were determined through flock follows and seemed to differ between and within regions. 
Observations in the field suggested that it was more common to have flocks numbering 100 
individuals or more in the Forest regions (Table 2). Additionally, flocks were observed to have joined 
together at particular sites on several occasions, such as in the Peri-urban region where the two flocks 
containing RTBC96 (n ≤ 50) and RTBC98 (n ≤ 50) were observed together at the Oscar Bruns 
Reserve, and RTBC56’s flock, which joined another flock of approximately 30 individuals in 
Denmark (R2, R3). In the case of RTBC it appeared that although flocks of RTBC can roost together 
in large numbers, they tend to splinter out into small groups during the day to forage. As flock follows 
were opportunistic and dependant on being able to spot tagged birds, no statistics were included for 






4.3.2 Fine scale movement 
 
GPS data for the RTBC were collected for three birds from the Murdoch release in 2015. These data 
were collected over two regions, which comprised three resident areas in the Urban region and one 
in the Peri-urban region. Due to the high intensity recording schedule and the accuracy of the GPS 
tags, I was able to calculate the average daily distances moved by the individual flocks associated 
with the study birds. The flock size associated with the study birds were confirmed over ongoing 
flock follows. Results show that there were no significant differences in average daily distance moved 
between the Urban and Peri-Urban region (n = 3, P > 0.05). However, when comparing flocks within 
the Urban region, analysis showed significant difference between the flock of RTBC98 and those of 
RTBC96 and RTBC99 (n = 3, P < 0.001). The biggest average daily distances moved occurred in the 
urban landscape; for example RTBC98 moved over 20 km in the urban landscape on several 
occasions with a flock of 30 or fewer conspecifics (Table 4.3). This flock was also recorded traveling 
over 38 km in a single day within the urban landscape. RTBC99 and the flock at Murdoch University 
(approximately 50 birds) travelled far less, although maximum distance travelled daily was observed 
to be over 20 km on several occasions as well (Table 4.3). RTBC96 spent only a small amount of 
time in the Urban region (Champion Lakes) and was with a small flock that foraged at the roost and 
in the immediate vicinity of the roost site, before moving to the Peri-urban region (Darling Downs). 
In the Peri-urban region, however, the majority of the data was captured and the flock of RTBC96 
showed daily movements of 7.5 km on average. Daily movements of this flock (n ≥ 70) in this region 
did not exceed 12.43 km in distance. 
 
4.3.3 Key habitat 
 
The products of the recurse analysis showed that key habitat for the Urban roosts primarily occurred 
on public green space; such as schools, golf courses and urban parks. Foraging mostly occurred in 
inner city reserves or roadside vegetation (Fig. 4.3, Table 4.4). In the Peri-urban region, key roost 
sites were predominantly on private property, and key foraging sites were mostly related to roadside 






Table 4.3: Daily movement (GPS) and flock sizes for the forest red-tailed black cockatoos (RTBC) in their resident areas in Western Australia in 2015. ‘Area’ represents the resident 
areas; these are numbered chronologically (R); ‘Nb. reloc' represents the number of relocations between beginning and end of the dataset for the area; ‘Distance travelled in area’ (km)' 
represents the minimum distance travelled in the area during the time period of the dataset for the area; ‘Av. Daily Dist. (km)’ presents the flight distance on a daily basis for the time 
period of the dataset. 
 
                                       GPS data       
ID Area Nb. 
reloc 














RTBC96 R1 695 2/09/2015 18/09/2015 Urban <20 74.44 17 0.67 4.96 16.72 
 R2 5050 18/09/2015 7/11/2015 Peri-urban 80 376.7 50 3.05 7.53 12.43 
RTBC98 R1 9149 26/08/2015 30/09/2015 Urban 30 591 36 1.78 16.41 38.34 
RTBC99 R1 5885 26/08/2015 4/11/2015 Urban 50 597.43 70 2.55 8.53 25.86 
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Night roost sites 
 
Revisitation analysis identified key roosting sites in the Urban region as primarily public green 
spaces. The release site at Murdoch University was identified as one of the key roosting sites; others 
included several other public green spaces, such as the Melville Glades Golf Club and Brolga Park, 
Willeton. A private property at Champion Lakes was identified as a key roost for the flock of 
RTBC96; however, this site comprised cattle paddocks and had more characteristics of a Peri-urban 
site than an Urban site, although it was officially considered to be part of the Urban region.  
 
In the Peri-urban region, key roosts were found predominantly on private property (remnant 





In the Urban region, key foraging took place mostly on private properties close to inner city reserves 
and public green spaces. In the case of RTBC98’s flock however, roadside vegetation was used by 
the flock to travel between these key sites (Fig. 4.3 Urban foraging habitat 4, 5, 6, 7). All key foraging 
sites in the Peri-urban region occurred within close proximity of South Western Highway. Foraging 





The foraging data used to determine key foraging sites were also analysed for proximity to roads. For 
the Urban region, 11.72 percent of the data occurred within 10 m of a road and for the Peri-Urban 







Figure 4.3: Revisitation rates for roost sites and foraging habitat of forest red-tailed black cockatoos (RTBC), for Urban 
and Peri-urban regions (GPS and satellite data from 2015). Legend: Number of revisits (R). Numbers in the figures 
indicate the key habitat (roost or foraging site) analysed through recurse with the appropriate radius for the area 
(numbering is used to identify site (Table 4) but does not represent order of use). Red circles represent the upper 20% in 
terms of revisitation data. Urban roosting occurred mostly in public urban green space (e.g. golf club, schools) and urban 
foraging occurs in either small reserves or along roadside vegetation. In the Peri-urban region, roosting occurred 











Table 4.4: Key regional habitat sites for the forest red-tailed black cockatoos (RTBC) studied in this research, and their 
flocks, as determined by the recurse analysis (Bracis et al. 2018a). ‘Regional Site Type’ presents either a roost or foraging 
site in Urban or Peri-urban; ‘Radius’: presents the radius in metres used to calculate revisitation; ‘Key habitat’: refers to 
the numbers shown in Figure 4.4 indicating the key habitat sites, ‘Land tenure’ shows the official land tenure types as 
defined under the official cadastre (Landgate ®): description of the land tenure types can be found in Appendix 3.  
 
Regional Site Type  Radius 
(m) 
Key Habitat Revisitations 
(n) 
Land Tenure Description of the Site 
Urban Roost 500  1 16 Reserve (Type 3) Melville Glades Golf 
Club 
  2 12 Transfer of Land 
Act (Type 1) 
Murdoch University 
  3 7 Reserve (Type 3) Brolga Park 
  4 7 Transfer of Land 
Act (Type 1) 
Trinity College (sport 
fields) 
  5 7 Transfer of Land 
Act (Type 1) 
Champion Lakes (cattle 
paddocks) 
Urban Foraging 10 1 42 Reserve (Type 3) Chelodina Reserve, MU 
  2 37 Transfer of Land 
Act (Type 1) 
Murdoch University 
  3 15 Transfer of Land 
Act (Type 1) 
Private property, 
Champion Lakes  




  5 19 Transfer of Land 
Act (Type 1) 
Private property near 
Rossmoyne Park 
  6 16 Transfer of Land 
Act (Type 1) 
Private property between 
Olives Reserve and Neil 
McDougall Park 
  7 12 Transfer of Land 
Act (Type 1) 
Private property between 
Perth Royal Golf Club 
and Ernest Johnson Oval 
Peri-urban Roost 500 1 11 Transfer of Land 
Act (Type 1) 
Private property near 
Bungendore Park 
  2 5 Transfer of Land 
Act (Type 1) 
Private property near 
Oscar Bruns 
Reserve/Darling Downs 
  3 5 Transfer of Land 
Act (Type 1) 
Private property near 
State Forest 
Peri-urban Foraging 50 1 47 Transfer of Land 
Act (Type 1) 
Private property near 
Oscar Bruns 
Reserve/Darling Downs 
  2 17 Reserve (Type 3) Roadside 
vegetation/Private 
property 
  3 20 Road Roadside vegetation near 
John Crescent Park 
  4 32 Transfer of Land 
Act (Type 1) 
Roadside vegetation near 
Darling Downs 
  5 15 Reserve (Type 3) Remnant vegetation 












Figure 4.4: Revisitations of the foraging data in proximity to roads of the flocks of forest red-tailed black cockatoos 
(RTBC) for the Urban (RTBC98 (1), RTBC99 (2)) and Peri-urban region (RTBC96) in Western Australia (GPS data from 
2015). Blue dots show all foraging data and red dots show all foraging data within 10 m of any road.  
 
Figure 4.4 shows that roadside vegetation was commonly used for urban foraging habitat, and 
roadside vegetation strips were also used as corridors throughout the urban landscape. Figure 4.4a 
shows the foraging data for RTBC98’s flock (1), which was a small flock (n = 30) that travelled 
between small reserves from Willeton across the river as far as South Perth. Figure 4.4a also shows 
the foraging behaviour of the flock of RTBC99 (2), which foraged mainly around the Chelodina 
Reserve and Murdoch University, the Beeliar wetlands and Bibra Lake Reserve. This flock only 
utilised roadside vegetation occasionally (3.75%), most likely due to the large blocks of native 
vegetation. In the Peri-urban region (Fig. 4.4b), roadside vegetation was frequently used as well 
(10.79%). Most foraging occurred in the vicinity of the South Western Highway, which RTBC96’s 
flock followed on a daily basis (Fig. 4.4b). 
 
The data were also investigated to see what proportion of foraging data collected occurred within 10 
to 100 m of any road in both regions (Table 4.5). The results appeared to be similar across regions 







Table 4.5: Foraging data in relation to the distance to roads for the flocks of forest red-tailed black cockatoos (RTBC) 
studied in this research, in the Urban and Peri-urban regions of Western Australia in 2015.The amount of foraging data 
for the Urban and Peri-urban region is shown, along with the percentage of those data which occurred within 10 m, 20 m, 







4.3.4 Home range and minimum area used 
 
The home ranges (HR) of RTBC96, RTBC98 and RTBC99 were calculated for resident areas in the 
Urban region, and also of RTBC96 in the Peri-urban region (Fig. 4.5). The mean area used by 
RTBC99 and the associated Murdoch University flock was 9.7 km2 (95% C.I. 8.71 km2 - 10.75 km2). 
This flock primarily used the area around Murdoch University and Chelodina Reserve, and the Beeliar 
Wetlands to the south of the campus. The HR of RTBC99’s flock was small compared to the area 
used by the smaller flock of RTBC98, which had a mean HR estimate of 52.57 km2 (95% C.I. 41.01 
km2 - 65.53 km2). RTBC96 moved to Champion Lakes immediately after release and was with a small 
flock of approximately 30 birds which used a mean area of 6.02 km2 (95% C.I. 4.51 km2 - 7.76 km2). 
This flock subsequently moved to a Peri-urban region (Darling Downs) where it joined a larger flock; 




Variation in long-term movement between regions 
 
This research indicated that there was no significant variation in flock movements for RTBC between 
regions, and that some variation occurred between flocks within the same region. Although there was 
no significant difference in distances between roosts and daily distances travelled over the different 
regions, tracks showed that in regions with more habitat available movements were less restricted. 
Large scale movements (satellite) were recorded for the Forest region across the Jarrah forest region 
















Urban 10644 11.72 28.74 49.76 59.99 





Figure 4.5: Resident movement of forest red-tailed black cockatoos (RTBC) in Western Australia (GPS data) depicting 
the home ranges for the flocks’ resident area (red contours) as calculated by the auto-corrected Kernel Density Estimation 
(Fleming and Calabrese 2017). a) GPS data for RTBC99 in the Urban region with a mean HR estimate of 9.7 km2 (95% 
C.I. 8.71 km2 - 10.75 km2); b) GPS data for RTBC98 in the Urban region with a mean HR estimate of 52.57 km2 (95% 
C.I. 41.01 km2 - 65.53 km2) ; c) GPS data for RTBC96 in the Urban region with a mean HR estimate of 6.02 km2 (95% 
C.I. 4.51 km2 - 7.76 km2); d) GPS data for RTBC96 in the Peri-urban region with a mean HR estimate of 8.03 km2 (95% 
C.I. 6.71 km2 - 9.47 km2).
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Such large scale movements were not recorded for the Urban region, however, within the forest region 
different flocks displayed different behaviour in terms of movement (RTBC56 and RTBC66, 
RTBC75 and RTBC82). Variance in movement behaviour within any region was likely influenced 
by flock structure and the characteristics of the landscape. For example, flocks with juveniles did not 
seem to move as far as other flocks. This was observed in the flocks in Nannup (RTBC66, RTBC67, 
RTBC68, RTBC69) and Waroona (RTBC75), where the study birds integrated into flocks, 
comprising small family groups, as stated in 4.3.1. In Nannup, flocks stayed in the forest blocks for 
extended periods of time, feeding on jarrah and blackbutt (Eucalyptus patens). The movement pattern 
of RTBC69 indicated that the flocks in Nannup were probably resident in this area for large periods 
of time, before eventually moving onto the SCP (Busselton) a year later. In Waroona, RTBC75’s 
flock joined with another flock in Coolup, and these birds foraged over a small area in the Peri-urban 
region between Coolup and Waroona. In Denmark, RTBC6166 bonded with an adult female and a 
juvenile, and did not travel far from the original release site. In contrast to the movements of these 
birds, RTBC82 and RTBC56 travelled over longer distances through the Forest Region.  
 
This difference in movement patterns may have been due to a number of factors. Juvenile RTBC are 
dependent on their parents for at least 18 months (Johnstone et al. 2013). During this period, the 
parents spend time teaching their young the necessary skills required to forage on the jarrah and marri 
fruits, which comprise the majority of their diet (Johnstone et al. 2013). The flocks with juveniles 
were observed in areas where marri and jarrah were abundant, mostly in the Peri-urban region where 
marri experienced no competition from other species and the fruit mass was high. In Nannup 
(Barabup, Forest region), jarrah and marri were abundant as well, which may explain the large flock 
sizes and the high number of fledglings in the area, as breeding events coincide with fruiting cycles 
of jarrah and/or marri (Johnstone et al. 2013). The local wildlife rescue centre for black cockatoos, 
“Jammari”, which was located in Jalbarragup, confirmed that breeding of RTBC most likely occurred 
just east of Nannup (Dee Patterson, “Jammari”, pers. comm. 2016). Additionally, since many of the 
Forest areas around Nannup are subject to timber harvesting, marri habitat trees (i.e. hollow bearing 
trees) should have been retained in accordance with the Forest Management Plan, which could also 
help explain the large breeding flocks of RTBC in this area (Abbott 1998, Whitford and Williams 
2001, Conservation Commission 2013). 
 
The Forest region, although relatively homogeneous in terms of habitat complexity and richness, 
consists of different areas in regards to the quality and productivity of foraging trees. Marri is often 
displaced in the Forest region by other species, particularly karri (Eucalyptus diversicolor), and 
occurs more frequently in lowlands, whereas jarrah, which usually outnumbers marri 2:1 in these 
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regions, occurs more on ridgetops and lower slopes (Abbott 1998, Biggs et al. 2011). In addition, 
Cooper (2003) reported that there is a high variation in terms of fruit mass, seed number and seed 
mass between individual marri trees, resulting in some trees being ignored as foraging trees by RTBC. 
Since the majority of the RTBCs’ diet consists of marri and jarrah fruit, and since flocks are likely 
density dependent in accordance with the resources of that region’s habitat, this could explain the 
larger movements through the Forest region (Ashmole 1963, Johnstone and Kirkby 1999, Johnstone 
et al. 2013). Further, individual RTBCs are known to not breed each year, which could account for 
differences in movement behaviour as well (Johnstone et al. 2013). 
 
For the Urban region, our research captured extensive foraging in proximity to different roost sites 
associated with three different flocks in the urban landscape. Between September and November 
2015, a shift towards the Darling Scarp to the Byford and Darling Downs area (Peri-urban region) 
was captured, coinciding with marri fruiting in this region (Johnstone and Kirkby 2018). Johnstone 
and Kirkby (2018) reported that in 2016 - 2017 an extensive fruiting of marri occurred in this region, 
which may explain why the flocks of RTBC98 and RTBC96 congregated in this area and stayed in 
this area until April 2016. The flock of RTBC99 made this shift in 2015 towards this area as well, 
and moved between the Darling Scarp (Bungendore Park) and the SCP in the months following the 
range shift. Similar movements, driven by fruiting marri, had been previously recorded by Johnstone 
and Kirkby (2013, 2018). 
 
Variation in short-term movement between regions 
 
The GPS data showed differences in movement between the three different flocks in the Urban region 
at a finer spatial scale. The use, by the urban flocks, of urban green spaces appeared to influence the 
flock sizes foraging in these areas, in relation to the size of the space. RTBC99, which integrated into 
the flock of RTBC at Murdoch University (50 individuals), primarily foraged close to the university, 
in the Chelodina Reserve, Beeliar Regional Park and Bibra Lake Reserve (large urban green space). 
This not only highlights the importance of the Murdoch University roost, but also why RTBC99’s 
flock movements were not large on a daily basis (8.53 km on average, Table 4.3) nor for the size of 
the area used (average of HR 9.7 km2, 95% C.I. 8.71 km2 - 10.75 km2, Fig. 4.5). In contrast, RTBC98’s 
flock (approximately 30 individuals) foraged over numerous smaller urban green spaces, making use 
of roadside vegetation to travel between these areas, resulting in larger overall daily movements 
(16.41 km on average) and a larger home range (average of HR 52.57 km2, 95% C.I. 41.01 km2 - 
65.53 km2). These findings indicate that movement of RTBC within the urban landscape is highly 
variable, depending on the resources available within the resident area of the flock. For RTBC96, a 
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shift towards the Peri-urban region was captured, where the flock congregated with other flocks at a 
site across from Oscar Bruns Reserve in Wungong, and foraged in a southern direction daily along 
the South Western highway. The daily movements in this area (7.53 km on average, Table 4.3) and 
the HR of RTBC96’s flock (average of HR 8 km2, 95% C.I. 6.71 km2 - 9.47 km2, Fig. 4.5) were 
similar in size to those of RTBC99’s flock, indicating the presence of quality habitat capable of 
supporting a larger flock (100 individuals). As mentioned above, this shift to the Peri-urban region 
and the nature of foraging behaviour within this region concurs with the observations reported by 
Johnstone and Kirkby (2013, 2018). 
 
Key habitat and the use of roadside vegetation 
 
The data show that key roosting habitat for the RTBC released at Murdoch University predominantly 
occurred at the university and in nearby public green spaces (i.e. parks, schools, golf courses). For 
foraging, key sites occurred in remnant vegetation in close proximity to the roost; at the university, 
on private property and within roadside vegetation that linked the inner city green spaces. The urban 
landscape was clearly partitioned by the three different flocks (Fig. 4.3 and 4.4), and I hypothesize 
that key habitat is likely used by the same flocks over consecutive years. This was concluded, as the 
body of RTBC97 (which was in the same flock as RTBC98) was recovered following vehicle strike 
in May 2016 near roadside vegetation on Karel Avenue, which was one of this flock’s key foraging 
sites (Figure 4.3 4).  
 
Known frequent roost sites such as Murdoch University were closely linked to large inner city 
reserves, sustaining the survival of key roosts in the urban landscape. However, the recurse analysis 
clearly shows that small patches of remnant vegetation throughout the Urban region are also of 
importance in providing foraging resources and connecting the smaller key roosts. 
 
In the Peri-urban region, sites such as the property across from the Oscar Bruns Reserve, a large patch 
of remnant vegetation that served as both a key roost and key foraging site, appear to be important 
for RTBC, as at least two different flocks congregated there later in the year and foraged on the 
roadside vegetation along South Western Highway. The work of Johnstone and Kirkby (Johnstone 
and Kirkby 2018) previously suggested the importance of roadside verges as habitat for RTBC, as 
they documented the feeding on marri in 2016 - 2017 along roadside verges between Byford and 
Harvey. However, when I compared the percentages of vegetation usage by RTBC in the Urban and 
Peri-urban regions, with distances from 10 m to a 100 m of roads, there were no differences in 
proportion of use of this vegetation ( χ2 = 4.3, df = 3, P > 0.05). These findings indicate that most 
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foraging vegetation occurs in either public green spaces (reserves, parks) or as roadside vegetation, 
and since the roadside verges form corridors between the public green spaces, they are of high 
importance in all regions. Given this, it is critical that public green spaces do not become isolated by 
clearing remnant vegetation that might provide linkage to a key roost/ foraging site. The tracks of the 
foraging data shown in Figure 4.4 provide an example of the connectivity provided by roadside 
vegetation, as the foraging data shows the movement track along the major roads. In addition, Figure 





This research emphasises the importance of public green spaces and the remnant vegetation that 
connect them for RTBC. From my data in the Forest region, I know that RTBC can travel large 
distances between resident areas; however in the Urban landscape they need connectivity to do so, as 
the flock of RTBC98 in the Urban region demonstrates. As the Urban landscape is already partitioned 
by and used by different flocks of RTBC of varying sizes over half the year or longer, it is important 
that native vegetation in the landscape is retained. Remnant vegetation in the vicinity of roost sites is 
important, and since many of the roosts in the Perth Metropolitan area and elsewhere have been 
identified and their locations recorded (Birdlife Australia data, Great Cocky Count), I advocate that 
a precautionary principle is practiced in regards to conserving remnant vegetation in those areas. 
Habitat Conservation Plans should thus be seen as a process over time that can only be of benefit to 
threatened species through adaptive management while information on the management of these 
natural resources is acquired (Wilhere 2002). 
 
Since movements of RTBC through the landscape are dependent on the available habitat in the region, 
foraging patterns are highly variable. This illustrates that there is no ‘one-size fits all’ approach to the 
conservation management of this species, and that conservation management should focus on 
retaining native vegetation and revegetating community green spaces with forage plant species to 
create green spaces of higher quality and diversity. Further conservation implications for the species 







Chapter 5: Regional movements of Baudin’s Cockatoo 









Baudin’s cockatoo is endemic to the southwest of Western Australia, with its distribution range 
extending from Albany in the south, to Gidgegannup in the north, and as far east as Waychinicup 
National Park. Flocks are primarily associated with forest habitat, but also spend time in the central 
and northern Darling Range and the eastern margin of the SCP (Fig. 1.1) (Johnstone and Kirkby 2008, 
Johnston and Kirkby 2017). It is found in single species flocks of varying sizes or larger mixed flocks 
with Carnaby’s cockatoo. The species has a similar appearance to the Carnaby’s cockatoo which is 
also endemic to the southwest of Western Australia, excepting maxillary beak length which is 
significantly longer. It also has different foraging strategies, nesting and breeding biology and a 
slightly different vocalisation call (Johnstone and Kirkby 2017). Over the last 60 years, Baudin’s 
cockatoo has shown a steady decline in population, and its population size is now estimated at 10,000 
to 15,000 individuals (Johnstone and Kirkby 2008, Johnstone and Kirkby 2017). Population declines 
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are mainly attributed to loss of habitat due to clearing for urban and agricultural development, but 
also include illegal shooting by orchardists and competition with other more abundant psittacine 
species and feral bees for suitable breeding hollows (Department of Environment and Conservation 
2008, Johnstone and Kirkby 2008). The species is classified as Endangered at both state and federal 
levels (Department of Environment and Energy 2018), and a Recovery Plan outlines threatening 
processes and required mitigation actions (Department of Environment and Conservation 2008). 
However, significant knowledge gaps exist in relation to the species’ movement ecology (Department 
of Environment and Conservation 2008), about which more information is required to inform the 
Recovery Plan’s conservation management initiatives and mitigation actions. Principally, ‘on-the-
ground’ actions cannot be targeted without understanding the way that birds move through the 
landscape, or whether that differs in different habitat types or at different times of the year. Species 
management is difficult with imperfect knowledge, and removing uncertainty has been shown to 
triple the effective outcome of management action (Yokomizo et al. 2014, Nicol et al. 2019).  
 
Successful trials involving deployment of Baudin’s cockatoos equipped with satellite PTT tags were 
undertaken in 2012 (Yeap et al. 2015), and a double mounting protocol using both satellite and GPS 
tags was established in 2015 (Yeap et al. 2017). Details are in Chapter 2.  
 
In this study, Baudin’s cockatoos were released fitted with satellite PTT tags and GPS tags into local 
resident flocks of conspecifics. The tagged birds acted as markers for the wild flocks they joined, and 
we aimed to obtain information about the species’ movement ecology in relation to identification of 
key habitat and movement in different regions across the Western Australian landscape. The objective 
of the research was to assess movement of Baudin’s cockatoos using satellite and GPS data across 
three regions: Urban, Peri-urban and Forest regions. Specifically, the research aimed to: 1) determine 
differences in movement between different regions, 2) identify key foraging and roosting habitat, and 
3) determine differences in the spatial extent of movement over different regions. Information gained 
will inform recommended actions in the Recovery Plan associated with mapping movement patterns 
at the landscape level. Reduced uncertainty regarding differences in movement between regions will 










5.2.1 Study birds and tags 
 
Study birds for this research were wild Baudin’s cockatoos that had been injured, treated at Perth Zoo 
and rehabilitated at Kaarakin. The period of time birds spent in rehabilitation varied depending on the 
nature of the injury, and prior to release birds were assessed for flight ability and fitness by staff from 
the Western Australian Department of Biodiversity, Conservation and Attractions. 
 
A total of nine Baudin’s cockatoos (BC), of which four were double mounted with a GPS and satellite 
PTT tags, were released into known wild flocks in three separate releases (Table 5.1). Three releases 
were undertaken in 2012, 2015 and 2017; at Kelmscott (-32.12° S, 116.03° E), Kalamunda (-31.97° 
S, 116.07° E) and the Stirling Range National Park (-34.40° S, 118.10° E), respectively (see Chapter 
2). Two urban releases (Kelmscott and Kalamunda) were in the Perth Metropolitan area, while the 
location of the third release (Stirling Range National Park) is formally classified as within the Jarrah 
forest bioregion ((Department of Environment and Energy 2018) (Fig. 1.1)). Two of the released 
Baudin’s cockatoos were not included in this research since their transmitters stopped communicating 
before they could integrate into a flock of conspecifics. Study birds were anaesthetised for health 
sample collection one month prior to release, and anaesthetised for tag attachment two days prior to 
release, as described in Chapter 2. The study birds released in 2012 only had satellite PTT tags 
attached, whereas the birds released in 2015 and 2017 were double tagged with both GPS and satellite 
PTT tags.  
 
The fieldwork was undertaken across three different land-use regions in the southwest of Western 
Australia – Urban, Peri-urban and Forest regions. These regions were categorised based on the extent 
of human activity. I followed Hedblom and Söderström (2010) in identifying areas as Urban if they 
possessed continuous settlements within a distance of less than 200 m between buildings. I 
categorised regions as Peri-urban if the area displaying a mixture of fragmented urban and rural 
landscapes (Iaquinta and Drescher 2000) and as Forest-land consisting of a majority of continuous 
forest and/or native vegetation (bush) with minimal human disturbance (Fig. 5.1). As part of the 
fieldwork, flock follows were undertaken to confirm flock integration of the tagged bird, to record 
flock size, determine whether flocks were single or mixed species and gain information on the flock’s 





5.2.2 Satellite and GPS programming 
 
The satellite PTT tags were programmed to provide broad-scale movement data at a landscape level 
while maximising battery life. Tags transmitted for varying periods of time ranging from one day to 
over a year (max. 407 days). This longevity was due to the programmed communication schedule of 
the tags (see Chapter 2), which was primarily designed to enable the location of the flocks’ roost sites 
in the field over an extended period of time. This particular schedule facilitated downloads of GPS 
data from the GPS tag in the field when the flock was roosting at night. 
 
The satellite PTT tags were programmed for communication periods on either mornings (06:00 - 
10:00) or nights (20:00 - 24:00), with 70% of transmission blocks concentrated on nights to locate 
the roost of the flocks and facilitate GPS data downloads. The morning communication periods 
allowed for flock follows using the Argos AL-1 PTT Locator, to gain information on flock size and 
local foraging behaviour. To monitor the birds’ transition into the wild flocks and given that the GPS 
tag was generally retained for a shorter period of time than the satellite PTT tag, the satellite PTT tag 
was programmed with a daily communication period over the first two weeks post release. 
Subsequent to this, the tag was programmed to communicate at longer intervals to maximise battery 
life (see Chapter 2).  
 
The GPS tags were programmed to collect a location fix and accelerometer reading every 15 minutes 
during the day and every 30 minutes at night; and set to communicate every 10 minutes (max. time 
interval 30 minutes). Based on battery charge (solar), if there was an energy surplus, the tag was able 
to record a fix every 2.5 minutes. The GPS data were manually downloaded at night by means of a 
base station antenna and relay system (see Chapter 2). 
 
5.2.3 Treatment of the data 
 
Both GPS and satellite data were checked for location errors or other errors such as unlikely speeds 






Figure 5.1: Urban, Peri-urban and Forest regions where tagged birds were tracked. The number of location fixes received from GPS tags was many orders of magnitude greater than 
obtained from the satellite PTT tag (Table 1) and gave more detailed information about the spatial extent of movement. This difference in data resolution is shown in Table 5.1 for 
three Baudin’s cockatoos (9C93, BC94, BC61) tracked in each of the target regions. 
94 
 
Table 5.1: Track and movement summaries of tagged Baudin’s cockatoos, for which I collected data, released between 2012 and 2017 on the Swan Coastal Plain (Kelmscott and 
Kalamunda) and in the Stirling Range in Southwest Western Australia. Study birds were identified with an identifier (ID) using the BC for Baudin’s cockatoo and the last two numbers 
of the satellite identification number (Sat ID). Age: Sub-adult (2-4 years), Adult (4≤ years). 
 








BC55 119055 - 2012 Kelmscott Sub-adult F 29/09/2012 29/01/2013 - 120 331 122 
BC92 151392 - 2015 Kalamunda Adult F 8/08/2015 20/03/2016 - 138 377 225 
BC93 151393 - 
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BC61 166161  
 
2305 
2017 Stirling Range 
National Park 













BC62 166162 - 2017 Stirling Range 
National Park 




BC64 166164 - 2017 Stirling Range 
National Park 








For analysis of the satellite data, only fixes of LC2 and LC3 were included, since these all occurred 
within a radius of 500 m of the study bird’s position (ARGOS CLS System 2018). The satellite data 
were used to identify roost sites and determine landscape level movement over time. Movement was 
divided into migratory (large scale movement), ranging movement (mid-level movement) and 
resident movement (defined below) (Fig. 5.2). 
 
For the analysis of the GPS data fine-scale movement data were compared between region types 
(Urban, Peri-urban and Forest). I hypothesised that these different regions would support different 
flock sizes due to the varying extents of fragmentation, with associated consequences for habitat use 
and flock movement dynamics.  
 
Prior to analysis all data were trimmed to consider only flock movement. Flock integration of tracked 
birds was confirmed for each individual either through field observation or using behavioural change 
point analysis (Gurarie et al. 2009). The application of this method to confirm flock integration in 
black cockatoo species is described in Chapter 2 and has been published (Rycken et al. 2019). Three 
Baudin’s cockatoos (BC40, BC95 and BC63) were not included in the analysis as they could not be 
confirmed to have fully integrated into a flock due to insufficient data.  
 
The satellite data were used to identify roost sites and determine landscape level movement over time, 
and were categorised into migratory (large scale movement), ranging (mid-level movement) and 
resident movement (Fig. 5.2). Resident movement was defined as all daily movement activity 
associated with roosting, foraging and breeding (during the breeding season) within a resident area, 
but excluded ranging movements (≥ 20 km) between resident areas during the non-breeding season 
and long distance migratory movement (≥ 50 km) to and from summer breeding areas. The resident 
areas for Baudin’s cockatoos were defined by the occurrence of prolonged resident movement in the 
form of outwards foraging movements from and to roosts not exceeding more than 15 km. Ranging 
movements (a movement by a flock between two resident areas), or migratory movement (a directed 
long distance movement by birds between non-breeding and breeding areas), occurred between 
resident areas. In the case of migratory movements, stopover sites occurred along the track and were 
defined as places that birds inhabit for a period of up to five days whilst on migration. 
 
Roost sites were defined as sites that contained one or more roost trees within a 500 m radius in Urban 
or Peri-urban regions, or a 1 km radius in a Forest region (Glossop et al. 2011), and were identified 
using a combination of GPS and satellite data. Within a resident area, flocks use a network of 
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connected roost sites. A ‘key roost site’ for Baudin’s cockatoos was defined as having a revisitation 
rate of at least five or more visits. 
 
In resident areas, GPS data were then used to calculate average daily distances travelled, determine 
home range size, and identify key foraging habitat and key roosting sites. Additional roost sites were 
identified for some birds using the satellite data, given the longer tracking period provided by these 
tags. 
 
Prior to movement analyses, however, all data were trimmed to only use data representing flock 
movement. Flock integration of tracked birds was confirmed for each individual either through field 
observation or using behavioural change point analysis (Gurarie et al. 2009) using the method of 




GPS data for resident areas were analysed using the “sp” (Pebesma and Bivand 2005) package in 
RStudio 1.0.153 (RStudio Team 2009-2017), to calculate time differences and speeds between 
locations and the average daily distance moved. The average daily distances moved were calculated 
through pairwise averages and so were the average distances between roosts for the satellite data. 
Distances between roosts for satellite data and daily distances travelled for GPS data were then tested 
for differences between regions using a LME model with region as the fixed effect and ID of the bird 
as the random effect in R (version 3.5.3; R Core Team 2019). 
 
Key habitat (i.e. key roost sites and foraging areas) was identified using revisitation statistics using 
the “recurse” package (Bracis et al. 2018a). As a requirement for this analysis, a radius to calculate 
the revisitation index of each location fix was set. In the case of the roosts, the data were subset to 
represent all first instances after sunset when the speed between locations dropped to 1 m/s and below. 
For all areas, only two percent of these data had distances more than 500 m, therefore I used a radius 
of 500 m for the roost analysis. However, in the case of the Forest region, a radius of 1 km was used 
since for this habitat type a radius of 500 m proved too small to identify important roosts. To 
determine the key habitat sites during daytime activity a different approach was used. Since a flock 
could be highly mobile during foraging, and location fixes were at a high frequency (every 2.5 - 15 
minutes), a threshold for time (60 minutes) to revisit was set in addition to the radius size to accurately 
show revisitation to the site. The threshold for the recursion analysis was set so that a bird had to 
leave an area for an hour before a revisitation occurrence was recorded. The occurrence of an 
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individual in the same area over several hours a day added to the ecological relevance of the site, 
since the amount of time spent in one site reflects the capacity and importance of the foraging habitat. 
In addition, for the recursion analysis of foraging habitat the radius was adjusted according to region: 
10 m for Urban regions, 75 m for Peri-urban regions and 400 m for the Forest regions, to accurately 
reflect areas of high revisitation.  
 
Home rage areas were calculated for resident areas only, within each of the regions using an AKDEc 
through the R package “ctmm” and applying the Ornstein-Uhlenbeck F (OUF) model, which 
estimates autocorrelation for both position and velocity (Calabrese et al. 2016). This method 
calculates a kernel density estimation and corrects for auto-correlated data associated with the GPS 





Analysed data measured more than 716 km in GPS data (n = 7,069) and more than 1,190 km in 
satellite data (n = 661), collected from seven Baudin’s cockatoos over three different release sites and 
three different regions. Preliminary analysis through adehabitatLT showed that all data (satellite and 
GPS) were positively auto-correlated and irregular due to the nature of the recording schedules, data 
collection and the behavioural ecology of the species. Due to the inquisitive nature of the species, the 
GPS tags were often removed by the study birds after varying periods of time (16 - 103 days), whereas 
the satellite PTT tags were generally well tolerated and left to moult out with the tail feathers. 
 
5.3.1 Landscape scale movement based on satellite data 
 
Baudin’s cockatoos primarily demonstrated ranging movement, whereby flocks would be resident in 
an area until the flock moved on to the next resident area. However, at the start of the breeding season 
(October to January, Johnstone and Kirkby 2008), ranging movement was replaced by a directed long 
distance migratory movement including several stopover sites in at least two flocks (BC55 and BC92; 
multiple stopover sites were labelled successively (S); Table 5.2 and Fig. 5.2). Due to the conservative 
recording schedule used to increase the life of the tags it is not possible to say how long true migration 
took, however based on the data, this may have been within one month, but could have been up to 




Table 5.2: Movement metrics for Baudin’s cockatoos in Western Australia based on satellite data. Area was defined as either ‘Resident’ (R) or as a “Stopover” site (S) and were 
numbered in sequential order. ‘No. reloc’ presents the number of relocations collected for the dataset between the begin and end dates. Flock structure was defined as a flock consisting 
of Baudin’s cockatoos only or mixed (Baudin’s cockatoos and Carnaby’s cockatoos), and flock size was estimated during flock follows. ‘Min. dist. to loc.’ presents the distance in km 
between one area and the next one. ‘Av. Dist. between roosts’ was defined as the average distance between roosts for the satellite data in km and shows the range in brackets.  
 

















Av. Dist. between 
roosts (range) 
BC55 R1 21 29/09/2012 1/10/2012 Urban <50  Baudin’s 16.47 to R2 3 1 0 
 R2 71 2/10/2012 21/10/2012 Peri-urban >50  Baudin’s  28.27 to S1 9 10 2.26 (0.3 - 6.4) 
 S1 3 26/10/2012 26/10/2012 Peri-urban >50  Baudin’s 40.13 to S2 1 1 0 
 S2 4 31/10/2012 31/10/2012  Peri-urban >50  Baudin’s 12.3 to S3 1 1 0 
 S3 5 10/11/2012 10/11/2012 Peri-urban >50  Baudin’s 34.9 to R3 1 1 0 
 R3 25 20/12/2012 29/01/2013 Peri-urban >100  Baudin’s         - 40 3 0.62 (0.3 - 0.9) 
BC92 R1 41 20/09/2015 21/11/2015 Peri-urban >50  Baudin’s 217.12 to R2 62 11 2.07 (0.2 - 3.6) 
 R2 32 19/12/2015 20/03/2016 Peri-urban 100    Mixed - 91 8 4.49 (0.4 - 13) 
BC93 R1 10 6/09/2015 20/09/2015 Urban <50  Baudin’s 31.34 to R2 15 4 0.99 (0.2 - 1.5) 
 R2 48 1/10/2015 20/01/2016 Peri-urban >50  Baudin’s - 111 10 2.14 (0.3 - 4.6) 
BC94 R1 55 16/08/2015  3/10/2015  Urban <50  Baudin’s - 48 12 1.17 (0.3 - 2.6) 
BC61 - 81 4/05/2017  17/06/2017  Forest 200   Mixed - 44 6 6.88 (0.5 - 13.7) 
BC62 - 122 4/05/2017  16/09/2017  Forest 200   Mixed - 135 17 11.28 (0.5 - 33.9) 





Figure 5.2: Satellite tracks from all Baudin’s cockatoos with data from 2012 (BC55), 2015 (BC92, BC93, BC94) and 2017 (BC61, BC62 and BC64) for Western Australia. a) Satellite 
track of BC55 showing a long distance movement with several stopover sites (S) from its release site in Kelmscott (R1) and Mundijong (R2) to Beela (R3) in the south, a known 
breeding site (Yeap et al. 2015); b) Satellite track for BC93 showing the two areas of resident movement for this individual; c) Satellite track of BC92 which made a long distance 
movement from Carmel to Bridgetown; d) Resident movement area of BC94 and the movement towards the south before the tag stopped communication; e) Resident movement of 
BC61 in the Stirling Range from its release site at Moingup Springs; f) Resident movement of BC62 in the Stirling Range from its release site at Moingup Springs; g) Resident 
movement of BC64 in the Stirling Range from its release site at Moingup Springs. 
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All birds displayed resident movements in at least one region. BC93 made a ranging movement 
towards a new region where it was resident, and BC92 and BC55 made long distance migratory 
movements to regions in the Southwest with frequent stopovers. 
 
BC55 and its flock made a long distance movement south along the edge of the Darling Scarp from 
late October to late December 2012, interspersed with several stopover sites during its > 140 km 
movement (Fig. 5.2). BC55 first travelled from Kelmscott at its release site (R1), 16 km to the 
Mundijong area directly surrounding the Watkins Road Nature Reserve in October (R2). BC55 and 
its flock remained in this area for a minimum period of approximately three weeks before data 
transmissions identified that it had moved 28 km further south, just north of Pinjarra, where the flock 
had a stopover (S1) in an agricultural area on the edge of the Scarp on the 26th of October. The flock 
then continued to Yarloop (S2, 40 km) where it stayed at least for a night (31 October); and 
subsequently continued moving in a southward direction. This movement along the Scarp persisted 
until the flock reached Harvey (S3, 12 km) on the 10th of November, at which point the flock made a 
32 km movement towards the south to an area near Allanson. Over the next month, the flock remained 
in this area and foraged between the towns of Allanson and Mornington, approximately 20 km apart. 
The flock moved to the Beela area (R3) in mid-December, where it remained for approximately two 
months; at which point the satellite PTT tag reached the end of the battery life and ceased to transmit. 
The area around Beela is suspected to be a breeding site for Baudin’s cockatoos (Yeap et al. 2015). 
 
BC92 also undertook a long distance movement, from the Carmel area (Fig. 5.2, R1) around the 
vineyards in the Perth Hills to Bridgetown (R2) 200 km south, in late November 2015. In Bridgetown 
the flock was observed (visual field observation) to be part of a larger mixed flock with Carnaby’s 
cockatoos. Both species roosted together along the Blackwood River, although the two species 
demonstrated very different daily activity. In February 2016, the mixed flock flew to North 
Greenbushes, where Carnaby’s cockatoos (200+) were observed feeding on pine, and the Baudin’s 
cockatoos fed on other species (e.g. Corymbia callophylla). Next month, the Baudin’s cockatoos 
returned to Bridgetown and followed consistent daily routines; whereby they would congregate at the 
Bridgetown library pre-and post-roosting each day, and Carnaby’s cockatoos would visit a nearby 
small walnut orchard twice a day. 
 
BC93 joined a small local flock in Maida Vale and demonstrated a ranging movement (31 km) 
between this area and the Watkins Road Nature Reserve in the Mundijong area in late September 
2015. The flock displayed resident behaviour in both areas without any long-term directed 
movements away from the areas. The flock primarily roosted on private properties around the 
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Watkins Road Nature Reserve and foraged on native vegetation in the reserve, along the fields to the 
west and along the area’s roadside vegetation. BC94 showed resident behaviour in the Maida Vale 
area and was initially with the same flock as BC93, but left the Maida Vale area later as part of a 
different flock, and was last observed on a private property in Roleystone on the Darling Scarp at the 
start of October 2015. 
 
BC61 and BC64 in the Stirling Range National Park displayed resident behaviour during the months 
of May to August 2017 along the eastern side of the Stirling Range; following the native vegetation 
along Chester Pass Road consistently on a daily basis; and generally returning to the roost site at 
Moingup Springs where the flock would drink in the morning or prior to roosting (Fig. 5.2). In August 
2017, BC64 started roosting south of the Moingup Springs roost; likely foraging nearby. BC62 was 
observed through flock follows to have joined a different flock immediately after release, and roosted 
with this flock; mainly north of Bluff Knoll Road on the upper side of the Range. The flock’s foraging 
was concentrated on roadside vegetation and remnant vegetation in the agricultural land bordering 
the Stirling Range. This flock had wide ranging movements including two roost sites that were 20 km 
apart: one that was located above the Stirling Range Retreat along Chester Pass Road, and one that 
was located on the east side of the Range on private offset land, which was part of Gondwana Link 
(a large-scale project which aims to reconnect and restore bushland throughout the landscape from 
the Nullarbor Plain to the southwest of Australia; Jonson 2010, Bradby et al. 2016). 
 
Movement variation between regions 
 
No distinct differences were observed between Urban and Peri-urban regions, with regard to distances 
travelled between roost sites (n = 7, P > 0.05; Table 5.2). However, there were differences in distances 
travelled between roost sites, between each of these region types and the Forest region (n = 7, P < 
0.001); with the Peri-urban region in Bridgetown (BC92 R2) having an average distance between 
roosts of 4.49 km (largest of all urban region types), and the Forest region of the Stirling Range 
National Park having an average distance between roosts of 6.39 km and 11.28 km for BC61 and 
BC62, respectively.  
 
Differences in flock size 
 
Flock sizes were larger in forested habitats in the Stirling Range National Park than in the Urban and 
Peri-urban regions of this research. In Urban regions BC93 and BC94 were part of a flock of 
approximately 50 individuals (Baudin’s cockatoos only), whereas in Peri-urban regions, such as 
Mundijong and specifically around the Watkins Road Nature Reserve, flocks numbered 
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approximately 50 - 100 individuals (Baudin’s cockatoos only as per observation). Further south in 
Bridgetown and in Beela, flock numbers exceeded 100 individuals. In the Stirling Range National 
Park both flocks, although mixed with Carnaby’s cockatoos, comprised at least 200 individuals. 
 
5.3.2 Fine-scale movement based on GPS data 
 
The intensive recording schedule during both day and night, and the spatial accuracy, of the GPS data 
allowed for further daily activity exploration in terms of distance travelled per day (Table 5.3). The 
results from the GPS data showed that there was a distinct difference in total minimum movement 
distance between Forest regions and the Urban regions. When one considers the total minimum 
distance travelled for BC93 (R1, Table 5.3), in an Urban region was 81.74 km for a time period of 15 
days, and the total minimum distance travelled for BC61 in a Forest region was 142.12 km for a time 
period of 17 days. Although there was a difference of two days for BC61, no long distance movements 
were recorded during the time period; instead the foraging movements were farther (mean 9.44 km; 
range 5.57 km - 24.35 km). Analysis showed a significant difference for daily distances travelled 
between the Urban and Forest region (n = 3, P < 0.05) but not between the Urban and Peri-urban (n 
= 3, P > 0.05) or Peri-urban and Forest region (n = 3, P > 0.05). 
 
Flock follow observations of birds based on locations determined by the GPS data confirmed the 
difference in flock size in different regions. In the Forest region, the flock size of the study flock was 
approximately 200 individuals in mixed flocks (Carnaby’s cockatoos and Baudin’s cockatoos). In the 
Peri-urban and Urban regions (except for BC92, R2) the flock size varied between smaller size of 
flocks of less than 50, and medium size flocks between 50 and 100 individuals. In Peri-urban and 
urban regions flocks seemed to consist almost entirely of Baudin’s cockatoos. 
 
5.3.3 Key habitat 
 
Recursion analysis of the three regions revealed several sites of high revisitation for Baudin’s 
cockatoos, which were classified as key habitat for foraging and roosting respectively. Most highly 
visited foraging sites in urban and peri-urban areas were on private property, in remnant vegetation 
bordering watercourses, or native vegetation (Table 5.4). Urban night roosts were all on private 
property, while peri-urban night roots also included roadside vegetation. In contrast, forage and roost 




Table 5.3: Daily movement and flock sizes for Baudin’s cockatoos (GPS) across three different regional habitat types in Western Australia for birds tracked in 2015 and 2017. ‘Area’ 
presents the resident areas and are numbered chronologically (R); ‘No. reloc' presents the number of relocations between beginning and end of the dataset for the area; Flock size was 
estimated by observation in the field; ‘Distance travelled in area’ (km)' presents the minimum distance travelled in the area during the time period of the dataset for the area; ‘Av. Daily 
Dist. (km)’ presents the distance of flight on a daily basis for the time period of the dataset. 
 
                         GPS data       















BC93 R1 580 6/09/2015 20/09/2015 Urban <50 81.74 15 2.194 3.427 5.315 
 R2 1593 23/09/2015 19/11/2015 Peri-urban >50 187.48 39 3.041 6.89 21.824 
BC94  3356 16/08/2015 22/09/2015 Urban <50 186.53 37 0.878 5.354 13.761 
BC61  1085 4/05/2017 21/05/2017 Forest 200 142.12 17 4.579 9.445 24.254 
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Table 5.4: Key habitat sites for Baudin’s cockatoos in Western Australia per region as determined using the number of revisitations. ‘Region’ is either a roost or foraging site in Urban, 
Peri-urban or Forest regions; ‘Radius’: presents the radius in metres used to calculate revisitation following the method of Bracis et al. (2018a); ‘Key habitat’: refers to the numbers 
shown in Figure 4 indicating the key habitat sites; Land tenure: official land tenure types as defined under the official cadastre (Landgate ®), description of the land tenure types can 
be found in Appendix 3.  
 




Land tenure Description of the 
site 
Urban Roost 500  1 7 Transfer of Land Act 
(Type 1) 
Private property 
  2 6 Transfer of Land Act 
(Type 1) 
Private property near 
reserve 
  3 5 Transfer of Land Act 
(Type 1) 
Private property 
Urban Foraging 10 1 35 Transfer of Land Act 
(Type 1) 
Private property near 
Norwood Reserve 
  2 22 Reserve Remnant vegetation 
bordering water way 
Peri-urban Roost 500 1 8 Land Act (Type 2) Private property near 
reserve 
  2 7 Land Act (Type 2) Private property near 
reserve 
  3 7 Land Act (Type 2)  Roadside vegetation 
  4 5 Land Act (Type 2) Roadside vegetation 
Peri-urban Foraging 75 1 13 Reserve (Type 3) Native vegetation 




  3 7 Reserve (Type 3) Remnant vegetation 
bordering water way 
Forest Roost 1000 1 8 Reserve (Type 3) Native vegetation 
  2 6 Reserve (Type 3) Native vegetation 
  3 5 Reserve (Type 3) Native vegetation 
Forest Foraging 400 1 10 Reserve (Type 3) Native vegetation 
  2 10 Reserve (Type 3) Native vegetation 
  3 8 Reserve (Type 3) Native vegetation 
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Night roost sites 
 
In Urban and Peri-urban regions, flocks roosted in several small heavily used roosts which were 
located in close proximity to a foraging area (Fig. 5.3) with distances between roosts ranging from an 
average of 0.62 km to 4.49 km (Table 5.2). In the Forest regions, one central roost accommodated a 
large flock, and foraging occurred over much larger distances as the flock dispersed over a larger 
area, when moving to and from roost sites (Fig. 5.3). Distances in Forest regions were proportionally 
larger, ranging from 6.39 km to 11.28 km (Table 5.2). Irrespective, all roost sites were closely linked 




Key foraging sites in the Urban and Peri-urban regions were tightly clustered around roosts or spread 
over a larger area for the Forest region (Fig. 5.3), which was reflected in the average daily distances 
traveled. Average daily travel distances which describe movement away from the roost in the morning 
to forage, and return movement to roost in the evening, were smaller in urban and peri-urban areas 
(3.42 km – 6.89 km) compared with forest regions (9.44 km), however, flocks clearly made 
occasional longer movements in all regions (13.76 km – 24.25 km) which may have related to 
exploratory movement or relocation to a new resident area (Table 5.3). 
 
5.3.4 Home range and minimum area used 
 
Figure 5.4 shows the home range (HR) for the Urban region of BC94 (Fig. 5.4c) and of BC93 (Fig. 
5.4b) and their associated flocks. The mean area used by both flocks was 19.31 km2 (95% C.I. 13.45 
km2 - 26.22 km2) for BC94, and 73.75 km2 (95% C.I. 37.18 km2 - 122.64 km2) for BC93’s flocks 
respectively. The area for BC93’s flock was significantly larger due to an exploratory movement 
south (~10 km). This exploratory movement occurred prior to the flock’s movement through the 
Darling Scarp to Mundijong (Peri-urban region). For the Peri-urban region, BC93 flock’s HR was 
calculated at 49.55 km2 (95% C.I. 28.35 km2 - 75.56 km2, Fig. 5.4d). For the Forest region (Fig. 5.4e), 
the HR of BC61 proved to be the largest with a mean area of 187.01 km2 (95% C.I. 104.64 km2 - 






Figure 5.3: Maps showing the revisitation rates of the roost sites and foraging habitat of Baudin’s cockatoos for the Urban, 
Peri-urban and Forest region (GPS and satellite data from 2012, 2015 and 2017) with the size of the radius used for the 
recursion analysis (Bracis et al. 2018a) in brackets. Number of revisits (R) are ascending from purple to yellow. Numbers 
indicate the key habitat (roost or foraging site) analysed through the recurse package (numbering is used to identify site 
(Table 4) but does not represent order of use). Foraging activity in the Urban region is concentrated around the roosts, in 
the Peri-urban region and to a higher degree in the Forest region foraging activity is more widespread around one or 





Movement between resident areas 
 
The movement track of BC93 to Mundijong (Fig. 5.4a) suggested the use of a potential movement 
corridor between the two resident areas recorded for this flock, since the movement south was 
interrupted and branched off into the Darling Scarp, only to continue further south again through the 
peri-urban areas. This movement occurred when the flock moved out of the resident Urban region 
and travelled through the Darling Scarp (~42 km) to reach Mundijong, the resident Peri-urban region. 
The last recorded location fix – before the flock’s movement south from the Perth Metropolitan area 
was interrupted and they moved through the Scarp towards the next resident area on the 20th of 
September – was in Gosnells, near a waterbody and a small inner-city reserve. From this location, the 
nearest green space (a reserve) was approximately 5 km south; however it was at this point that the 
birds travelled through the Scarp in a southerly direction. The next visited location fix, as the flock 
moved out of the Darling Scarp on the 22nd September, was Mount Nasura, a small reserve in 
Armadale only about 7 km from the previous location. From Mount Nasura the flock continued to 




Variation in movement between regions 
 
The data collected for the Baudin’s cockatoo for this research showed that there was a difference in 
movement between the three different region types: Urban, Peri-urban and Forest. The data 
demonstrated that there was no difference in daily movement patterns between Urban and Peri-urban 
regions, however there was a large difference in movement between the Urban/Peri-urban regions 
and Forest regions, with the ‘average distance between roosts’, ‘average daily movement’, ‘overall 
distance travelled’ and ‘area used’ for the Forest regions being far greater than those in Urban regions.  
 
These movements of greater distance occurring in the forested southern part of the species’ 
distribution range, and the resulting larger home range areas (Fig. 5.4) were associated with flocks 
that were larger in size (Table 5.3). These regions consist of larger intact areas of habitat which allows 
for flocks of greater sizes (+200), whereas in the fragmented Urban regions with patchily distributed 
habitat, flock sizes were not observed to exceed 50 individuals. In addition, in accordance with 
Ashmole’s theory (1963), larger flock sizes necessitate the use of larger foraging areas as a result of 





Figure 5.4: Resident movement of Baudin’s cockatoos in Western Australia (GPS data) shown with home range boundaries (red contours; mean ± 95% C.I) calculated using AKDEc 
estimation (Fleming and Calabrese 2017). a) Resident areas for BC93 and the movement between these; b) GPS data for BC93 in the Urban region with a mean HR estimate of 73.75 
km2 (95% C.I. 37.18 km2 - 122.64 km2); c) GPS data for BC94 in the Urban region with a mean HR estimate of 19.31 km2 (95% C.I. 13.45 km2 - 26.22 km2) ; d) GPS data for BC93 
in the Peri-urban region with a mean HR estimate of 49.55 km2 (95% C.I. 28.35 km2 - 75.56 km2); e) GPS data for BC61 in the Forest region with a mean HR estimate of 187.01 km2 
(95% C.I. 104.64 km2 - 292.91 km2).
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Accordingly, density dependence may be a factor in determining the movement patterns of flocks of 
different sizes over different regions shown in this research. Further, flock size in any local habitat 
could reach a level of saturation directly related to the size and quality, or carrying-capacity, of that 
habitat (Chamberlain and Fuller 1999, Goss-Custard et al. 2002, Oppel et al. 2015). 
 
Not only can the size and quality of habitat potentially influence movement differences and flock size 
for Baudin’s cockatoos; landscape composition may also influence the ability for flock movement 
through the landscape. Tucker et al. (2019) have shown a relationship between landscape 
homogeneity and travel distance whereby more homogeneous landscapes drive farther travel 
distances. They analysed movement tracks from 386 individuals across 36 bird species, finding that 
individual movements were seven times longer in environments with homogenously distributed 
resources, and concluded that patchy habitat may present a range of complementary resources that 
reduces travel distance. Our results show that this could be the case for the flocks of Baudin’s 
cockatoos in the Forest regions, where the birds had to travel farther to meet foraging and roosting 
needs. Moreover, the observation that movement occurred at a smaller spatial scale in fragmented or 
heterogeneous landscapes, such as in Urban regions, may be related to the tendency for more 
complicated habitat mosaics to aggregate resources at a smaller scale (Tucker et al. 2019); meaning 
that birds do not need to travel as far to find appropriate roosting, foraging or drinking resources.  
 
Key foraging and roosting habitat  
 
Our study found that in Urban and Peri-urban regions, reserves and roadside vegetation were of 
primary importance. The results of the recursion analysis, for which revisitation rates were calculated, 
showed that, for both of these regions, the key foraging habitat comprised remnant vegetation marked 
as reserve or roadside vegetation, as well as vegetation located on private property and on community 
green space located throughout the suburbs. In addition, in both the Urban and Peri-urban regions, 
riparian vegetation was targeted for foraging, with a similar pattern occurring in the Forest region. 
These riparian zones provided appropriate native vegetation for roosting and foraging, and a potential 
source of water for drinking. In the Forest region, BC61 flock’s movement pattern followed old 
waterways, and the main roost and release site, Moingup Springs, provided the flock with a water 
source in the mornings and evenings, as confirmed through flock follows. Riparian zones have been 
credited as critical landscape components in previous research, adding to connectivity in fragmented 




Our research showed that it is important to maintain vegetation connectivity in the landscape, in order 
to enable Baudin’s cockatoos to utilise key remnant patches of vegetation in their non-breeding 
wintering grounds in Urban and Peri-urban regions. This requirement for connectivity is exemplified 
by the high level of use of roadside vegetation by the flocks in this study; this vegetation provided 
critical habitat connectivity corridors for the flocks when travelling between two reserves (see Fig. 
5.3, Peri-urban). In addition, the use of riparian vegetation throughout the landscape must be 
acknowledged; our study found that riparian vegetation provided foraging habitat in both Urban and 
Forest regions, and served as movement corridors in the landscape.  
 
Some of the roost and foraging sites in the Urban and Peri-urban regions were located on properties 
on which people kept horses. Most of these properties had large roosting trees in the centre of the 
property, with marri trees (Corymbia calophylla) bordering the property edges, parallel with the road. 
Additionally, horse water troughs provided accessible drinking sites for the birds. Field observations 
conducted in Peri-urban regions revealed properties with similar characteristics that hosted roosts, for 
example around the Watkins Road Nature Reserve. These types of habitat were previously recognised 
as areas of importance in black cockatoo research based on field observations (Johnstone and Kirkby 
2008, Weerheim 2008). 
 
During their migratory movements southward, both BC55’s flock in 2012 and BC93’s flock in 2015 
foraged at Watkins Road Nature Reserve; which is clearly an important foraging habitat site (Fig. 5.2, 
Fig. 5.3). In Urban and Peri-urban regions, native vegetation in nature reserves and remnant 
vegetation provides critical foraging and roosting habitat, and the Baudin’s cockatoo flocks using this 
area used the same resources across years. Repeated use of particular sites has been suggested as 
evidence of within-species cultural knowledge through social transmission (Mueller et al. 2013, 
Bracis et al. 2015, Bracis et al. 2018b). Bracis (2015, 2018b) concluded, in her research on the effects 
of memory on foraging movements, that patches of high quality habitat favor memory; and that 
foragers that leave depleted resources can later return to regenerated high quality habitat, which in 
turn provides a stronger signal in memory. Foraging birds that depend on memory for movement, 
tend to fly in directions reflecting anticipated distributions of high-quality habitat (Bracis et al. 2015). 
This memory-based foraging is thought to be integral to the social transmission of information on key 
resource patches facilitating species level cultural knowledge, and has been shown in other avian 
flock species that undergo migrations (Mueller et al. 2013). 
 
Memory-driven movement could also account for unexpected flock movements, outside of daily 
foraging patterns. It is possible that the interrupted flock movement, and subsequent change in 
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direction through the Darling Scarp, displayed in Fig. 5.4a may be an example of the flock’s response 
to disruption to vegetation connectivity. Perhaps that particular part of the urban landscape did not 
provide critical foraging habitat or drinking opportunities for the flock in that area, which could 
demonstrate perceptual range in the species (Eycott et al. 2012). Eycott et al. (2012) described 
perceptual range as an animal’s ability to determine landscape connectivity is due to its ability to 
detect environmental cues over a certain distance, and that this would allow the animal to respond 
appropriately to distant habitat characteristics during movement. Alternatively, this may be another 
example of memory-driven movement, as memory not only drives foraging movements but also aids 
in predator avoidance, and so influences timing of migration, when stopovers occur, and avoidance 
of more direct routes during migration (Ydenberg et al. 2007, Hope et al. 2011). This may account 
for the flock of BC93 travelling into the Darling Scarp and continuing their flight path through the 
urban landscape further south. This might also explain why there appears to be a reliance on the 
Darling Scarp as a green movement corridor to move in southerly and northerly directions, as can be 
seen by the long-distance movements of BC55 and possibly BC92 as well (Fig. 5.2); which were 
likely associated with southerly migratory movements to breeding grounds. 
 
Roosting and foraging sites appeared to be associated over all regions. The revisitation to associated 
roosting and foraging sites could be interpreted as demonstrating a recharge dynamic as part of the 
daily movement process of a flock. This concept has been introduced by Hooten et al. (2019), and is 
used to explain the physiological needs and environmental influences the dictate animal movement 
choice. Baudin’s cockatoos were sequential in their foraging strategy, moving to a new roost when 
food resources at the previous location had been depleted (Fig. 5.3). Anecdotally, this nomadic 
movement within resident areas is attributed to depletion of food resources. This pattern was seen in 




This research focused on the movements of Baudin’s cockatoos across three different region types. 
As movement patterns were different between regions, future management planning must account for 
this. Habitat preservation should be focused on key sites, which includes urban green space (nature 
reserves and parks), private property, and roadside and riparian vegetation across all regions. In 
particular, roadside and riparian vegetation are important as these often serve as movement corridors 
adding connectivity across the landscape. Particular habitat, such as roadside vegetation must be 
managed properly, however, to mitigate threatening processes (i.e. vehicle strike). Revegetation 
processes should focus on long-lived species such as marri and jarrah , the species primary food 
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source (Johnstone and Kirkby 2008). Connectivity, preservation and revegetation are the key points 
emphasized by this research. As movement does vary depending on the availability of food resources 
in the landscape, patches of high quality habitat might become isolated when connectivity is lost. It 
is therefore important to not just focus on individual patches but also regard the matrix in which they 
lie (Vandermeer and Perfecto 2007, Prugh et al. 2008). Further conservation implications for the 






























Chapter 6: General Discussion 
 
Research into the movement ecology of psittacine species has historically been difficult. Studies into 
the movements and habitat use of these species have been largely based on radio tracking and 
observational data collected in the field (Lindsey et al. 1991, Salinas-Melgoza and Renton 2005, 
Davis et al. 2017). In Western Australia, trials were undertaken for the attachment and retention of 
satellite PTT tags on black cockatoos (Le Souef et al. 2013); subsequently, the first tracking studies 
for Baudin’s cockatoos and Carnaby’s cockatoos were conducted using satellite PTT transmitter data 
to follow flocks in the field, gathering both observational data and landscape movement data (Yeap 
et al. 2015, Groom et al. 2017). Studies like these, however, potentially suffered from observational 
bias and lack of fine scale movement data (Ropert-Coudert and Wilson 2005).  
 
To address these issues, this study applied a multiple scale approach by combining satellite PTT data 
and flock follows, with GPS data to address movement across different spatial and temporal scales. 
In a first for black cockatoos, the additional attachment of GPS tags provided fine scale movement 
data and allowed us to also determine key habitat and daily movement patterns. The aim of this study 
was to address outstanding knowledge gaps identified in Recovery Plans on the movement ecology 
of the three species of black cockatoo in WA. Specifically, the research aimed to: 1) determine if 
movement patterns was different between regions; 2) identify key foraging and roosting habitat; and 
3) determine differences in the spatial extent of movement within and between regions. 
 
The tagged birds acted as markers of wild flock movements, which was confirmed by flock follows 
and behavioural change point analysis (Chapter 2.6). Further analysis was based on “flocked” data 
only, which was particularly important, since black cockatoos are a highly gregarious species; this 
prevented inferences being made about the movements of an individual rather than the flock. BCPA 
proved to be a useful tool, especially since flock follows were often opportunistic and flocks were 
difficult to follow, due to the highly mobile nature of the species and often unnavigable terrain. 
 
Results of the LME models for each species (Chapter 3, 4 and 5) found that the movements within a 
species were similar over different regions when the habitat matrix was similar. Estimations of 
resident home range size and daily movement distances within and between regions did indicate, 
however, that movements of black cockatoos of all three species takes on a region-specific signature. 
Revisitation analysis showed that key sites for roosting predominantly occurred on public green 
spaces and private property, and are closely associated to either native vegetation in the form of nature 
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reserves or exotic species such as pine or nut orchards. In addition, it showed that foraging habitat, in 
the form of roadside vegetation and riparian zones, are vital as they provide vegetation corridors 
between major key habitat sites. 
 
This chapter provides a synthesis of the key findings for this research and discusses these in terms of 
management implications for the three black cockatoo species in WA. Finally, it provides 
recommendations for the focus of future research, in order to provide habitat conservation plans that 
are adaptive over time. 
  
6.1 Regional variation in movement within and between species.  
 
In order to determine whether differences occurred in movement patterns between regions and 
whether differences existed in spatial extent of movement within and between regions, I investigated 
both the movement patterns of the GPS and satellite PTT data for all individuals across species. This 
found that movement for black cockatoo species is highly influenced by available foraging resources 
in the landscape and the associated density dependence of flocks. The data showed for Baudin’s 
cockatoo and RTBC, that the less complex a region’s matrix was, the larger the distances were that 
flocks needed to travel. This was also demonstrated in a recent study by Tucker et al. (2019) who 
tracked individuals across 36 large bird species by GPS and found that the more homogeneous the 
landscape matrix, the farther birds travel between habitat. However, movement patterns of RTBC 
varied within each of the regions, due to the different requirements of flocks in the Forest region and 
habitat matrix of suitable foraging habitat within the Urban region. Chapter 3, which analysed the 
movements of Carnaby’s cockatoos involved a broad regional assessment (Gingin, Albany and 
Esperance) of the species’ movements. These regions were not defined as Forest, Peri-urban or Urban 
but were treated as distinct study areas, located in the northern and southern extents of the species’ 
distribution. Nonetheless, for this species, this study found that landscape scale movement was 
different across these regions and was driven by different resources dependent on the time of year. 
For example, flocks of Carnaby’s cockatoos in the southern regions foraged predominantly on 
banksia along the coast during summer and foraged on other species inland during the winter months. 
In Gingin, flocks foraged on native vegetation and other species in agricultural land throughout the 
year without any noticeable shifts in distribution. 
 
Daily movement distances did not differ between regions for RTBC or Carnaby’s cockatoos. 
However, analysis of the Baudin’s cockatoo’s daily movement data did reveal a significant difference 
in distance between the Urban region and the Forest region. Although no differences were recorded 
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in the daily movement distances for Carnaby’s cockatoos and RTBC across regions, their home 
ranges did vary between and within the same region. This indicated that the spatial distribution of 
foraging resources differs between and within regions, as black cockatoos were sequential in their 
foraging strategy as resources became exhausted over time, extending their home range in these 
regions. The data of the Carnaby’s cockatoos from Gingin and Esperance proved to be a good 
example of this as, although there were no significant differences recorded between daily distances 
moved between these regions, the home range sizes were much greater in the Esperance region. This 
was likely a result of foraging resources being more dispersed in the Esperance region, or exhausted 
at a faster rate leading to a spread in foraging patterns. In Gingin, foraging patterns took on a more 
consistent form which was likely due to a concentration and abundance of foraging resources 
available to sustain the flock for an extended period of time. Comparable results were recorded for 
Yellow-naped Amazon parrots (Amazona auropalliata), (Salinas-Melgoza et al. 2013) the dispersal 
of which was considerably larger in areas where habitat was less concentrated, and demonstrates their 
behavioural plasticity when coping with anthropogenic habitat modification. While further research 
demonstrated that the carrying capacity of a habitat patch influenced time of saturation, at which point 
birds would move to another site (Chamberlain and Fuller 1999).  
 
Since movement through the landscape is dependent on the availability of foraging habitat and 
movement corridors within a region, foraging patterns can be highly variable. Furthermore, this study 
showed that foraging patterns are species specific and can vary within the same region as well 
(Chapter 4, RTBC99 and RTBC98). As movement patterns of black cockatoos vary dependent on 
region, this must be factored into management planning across the species’ distribution ranges. This 
means that there is no ‘one-size fits all’ approach to the conservation management for these species 
in terms of habitat protection, due to the region specific nature of these species’ movements.  
 
However, as Maron et al. (2010) stated in their research on offsets and compensation for habitat loss, 
simple habitat protection is not the solution. In addition, to protect individual patches of key habitat 
in a fragmented landscape, it is important to consider the overall matrix in which they lie (Vandermeer 
and Perfecto 2007, Prugh et al. 2008). Although in the urban regions it may be more difficult to create 
or maintain landscape permeability, this research highlights the importance of conservation 
management, such as retention of remnant vegetation and revegetation with forage plant species in 
nature reserves and public green spaces, as well as riparian vegetation and roadside vegetation, which 
facilitate black cockatoo movement through the landscape. Landscape connectivity plays a crucial 
role in the conservation of these species as it facilitates movement between regions enabling foraging 




Chapter 5 highlighted the importance of vegetation connectivity to facilitate Baudin’s cockatoo flock 
movement between regions, in the example given regarding the movements of BC93’s flock through 
the Darling Scarp as it moved south to another resident area. It was possible that the movement of 
this flock from the SCP into the Darling Scarp occurred due to a disruption to vegetation connectivity, 
with that particular part of the urban landscape not providing critical foraging habitat or drinking 
opportunities for the flock, resulting in the diversion into the Darling Scarp. This diversion, however, 
could be attributed to factors like perceptual range and potential functional connectivity, or even the 
reliance on specific habitat along an environmental gradient, such as the lower edges of the Darling 
Scarp (Bjork 2004, Baguette and Van Dyck 2007, Fletcher et al. 2013). Whilst I cannot be certain as 
to the ultimate drivers behind the change in flight path made by this flock, it is probable that when 
areas become devoid of suitable foraging habitat or connectivity between habitat, flocks are no longer 
able to utilise these areas, and therefore remnant native vegetation plays a crucial role in connecting 
areas of suitable habitat. This might also explain why, for Baudin’s cockatoos, there appears to be a 
reliance on the Darling Scarp as a green movement corridor to move in southerly and northerly 
directions, as could be seen in the long distance movements of the flocks of BC55 and possibly BC92 
as well (Figure 5.2), which were likely associated with southerly migratory movements to breeding 
grounds. 
 
It is therefore recommended that Recovery Plans for Baudin’s cockatoos and RTBC should be species 
specific, as this study clearly showed that both species used the landscape in different ways, and 
displayed different seasonal movements. It is clear that RTBC appear to demonstrate a higher level 
of adaptation to the urban environment while Baudin’s cockatoos showed a greater reliance to large 
areas of forest. Furthermore, the difference in biology between the species affects their movements 
(migratory versus non-migratory) resulting in a difference in use of the landscape. In addition, it is 
crucial that habitat conservation plans adopt regionally specific objectives that account for regional 
variation in fragmentation and patch quality.  
 
6.2 Key habitat sites for black cockatoos 
 
To identify key foraging and roosting habitat for the three species of black cockatoo in Western 
Australia this research applied revisitation statistics to determine which sites were of particular 
importance for the flock’s daily movements. The findings of this research indicate that remnant native 
vegetation utilised by black cockatoos occurred in either public green spaces, roadside vegetation and 
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nature reserves. As roadside verges form corridors between public green spaces and other foraging 
and roosting sites, they were identified as being crucial for each species across regions. 
 
For all species, key roosting sites in Urban and Peri-urban regions were located close to foraging 
habitat (0.14 - 4.7 km), and was seen in key roosts like Murdoch University, Esperance Senior High 
School and Gingin Brook. These roost sites, appeared to be consistently used, as high quality foraging 
sites were nearby. In Peri-urban regions, key roost sites often occurred on private property comprising 
large eucalypt trees. Key foraging sites for the three black cockatoo species occurred as either large 
or small nature reserves/national parks, roadside vegetation or in the case of Carnaby’s cockatoos and 
Baudin’s cockatoos, private property where commercial foraging species were grown. From our 
results I concluded that foraging habitat dictated the movements of black cockatoos in a region, as 
these foraging sites varied in terms of size and spatial distribution. 
 
Roadside vegetation and riparian vegetation played an important role in the movement patterns of all 
three species in their respective regions. Our data shows that key foraging habitat occurs in these 
areas and that old waterways and remnant vegetation along roads facilitate a flock’s movement 
throughout the landscape as they connect foraging and roosting sites. These habitats serve as 
movement corridors, which must be conserved to ensure critical habitat connectivity across the 
landscape. This is especially true in regions where fragmentation is greater, as the larger movement 
pattern and home range size of RTBC98’s flock clearly demonstrated (HR 6.02 km2 and 9.07 km2 
versus 52.57 km2 for RTBC98’s flock). As the urban landscapes are already partitioned and inhabited 
by many black cockatoo flocks, of varying sizes, throughout different seasons, it is important that 
remnant vegetation is retained. Furthermore, it is critical that public green spaces in urban areas do 
not become isolated by clearing remnant vegetation that might provide linkage to a key roost/ foraging 
site. The importance of remnant vegetation, such as roadside vegetation, to facilitate movement 
through the landscape, has previously been documented for a variety of woodland bird communities 
(Leach and Recher 1993, Meunier et al. 1999, Hall et al. 2016) as well as for 13 other parrot species 
(Davis et al. 2012). In addition, the conservation value of riparian habitat as movement corridors has 
been extensively reported for a wide variety of woodland birds and mammals (Machtans et al. 1996, 
Gillies and Clair 2008, Lees and Peres 2008). 
 
The conservation of key habitat sites for these species requires that management of habitat within the 
landscape should be focused on the retention and restoration of remnant vegetation, which includes 
urban green space (nature reserves and parks), private property, and roadside and riparian vegetation 
across all regions. Remnant vegetation in the vicinity of roost sites is of vital importance, and since 
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many roosts in the Perth Metropolitan area and elsewhere have been recorded (Great Cocky Count; 
Birdlife 2019), this research advocates that a precautionary approach is practiced in regards to 
conserving remnant vegetation in those areas . Habitat Conservation Plans should thus be seen as a 
process over time that will benefit through adaptive management, while information on the 
management of these natural resources is acquired (Wilhere 2002). 
 
Additionally, to avoid vehicle strikes, proper management and conservation management practices 
must be implemented along verges associated with key roadside vegetation by using road signage to 
alert motorists to the presence of black cockatoos and reducing traffic speed, increasing the distances 
from the roads when planting native vegetation on roadside verges, and trimming of lower branches 
of foraging species. Restoration and revegetation within urban landscapes is necessary but 
consideration must be given to the potential for vehicle strikes during planning and implementation 
by ensuring that planted vegetation includes forage plant species that will grow tall, enabling foraging 
to occur in the canopy, and that vegetation is planted in a manner that maximises setback distances 
from road edges.  
 
Furthermore, in regards to offsets for developments, in addition to purchase of habitat for the affected 
black cockatoo species, revegetation with black cockatoo foraging species should be undertaken 
within close proximity to the development, to ensure food resources are available in that locality in 
the short and long-term. When conducting surveys related to development proposals, it is suggested 
that a) inspections for black cockatoo presence/absence are undertaken over multiple days at 
appropriate times of the year (taking into account the varying regional fruiting cycles of black 
cockatoo foraging species and seasonal movements and/or long-distance migrations associated with 
the different species), b) surveys are undertaken at a time of day that would coincide with potential 
foraging and/or roosting activity, and c) surveys include ground inspections of habitat for evidence 
of recent and historic foraging.  
 
6.3 Future research and conservation management 
 
This research provided the first telemetry-based insights into the way flocks of all three species of 
black cockatoo partition the landscape in Western Australia at different times of the year and across 
different parts of the species overall range. Telemetry studies are inherently expensive, and in keeping 
with other studies of this type, the data presented here do not provide a complete picture of the 
movement in each of the species tracked. However, 32 birds were tracked across all three species 
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representing the movement of 28 flocks and provides the most comprehensive tracking data to date 
at the level of the species’ complete distribution.  
 
It is highly probable that other flocks of black cockatoos are utilising remnant habitat not identified 
in this study, and that there would be very little remnant foraging vegetation on the SCP which is not 
utilised by black cockatoos at some time of the year. While our data will be strengthened with future 
telemetry studies, key foraging and roost habitat characteristics have now been identified that can be 
used to build habitat suitability and resource selection models to aid future conservation and land 
management planning at State and Federal government levels.  
 
This study recommends that future black cockatoo research should focus on long-term telemetry 
studies to further our knowledge on the movement ecology and habitat requirements of black 
cockatoos in the landscape. As Beaudry et al. (2010) stated, conservation planning benefits from large 
datasets at a regional scale to facilitate local government urban and environmental planning and 
ensure developments meet species conservation management objectives. The results from this study 
suggest a similar approach is required, where conservation planning for habitat recovery for black 
cockatoo species will benefit from further long-term telemetry research at a regional level in 
combination with resource modelling to identify the species’ seasonal requirements regionally, and 
potential impacts from threatening factors over a temporal scale.  
 
In addition, it is recommended that conservation planning is undertaken in an active and adaptive 
manner. Habitat conservation plans and Recovery Plans should be viewed as living documents which 
are informed by defined research questions and are updated based on the results of research. This 
should be an adaptive process where targeted aims are developed into monitoring or research plans, 
the findings of which can then inform management measures (Grantham et al. 2010, McGowan et al. 
2017). The research findings can then be used to define new targeted questions into habitat 
conservation and the management of endangered species, with the process repeated to target new 
information ultimately creating conservation measures based on empirical data which renews over 
time, and which is undertaken associated with the advancement of new technologies (Grantham et al. 
2010, McGowan et al. 2017).  
 
This research project has started this iterative process of conservation management, by generating 
baseline data through analysis of both GPS and satellite PTT data from which new research questions 
and protocols for further long-term telemetry studies can be developed. The research has provided 
baseline information on the movements of these three black cockatoo species, identification of key 
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foraging and roosting sites and estimation of residential home ranges in different regions. Reduced 
uncertainty regarding differences in movement between regions provides a critical foundation for the 
establishment of species distribution modelling in the future. In addition, including future telemetry 
research with a region-specific focus will allow for targeted conservation management activities. This 
research was essential to address outstanding knowledge gaps highlighted in Recovery plans and is a 
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Coloured leg bands 
 
Sp. Sex Age Weight 
(gr) 
Release site Release 
date 
151393 2167 683919A 0007259B62 32001-303 / BC M Sub-adult 577 Kalamunda CLC 7/08/2015 
151394 2172 683920A 00074C7E38 32001-305 / BC M Sub-adult 574 Kalamunda CLC 7/08/2015 
151395 2166 683921A 0006C7C7OC 32001-302 / BC F Adult 685 Kalamunda CLC 7/08/2015 
151392 2170 683903A 0007291705 32001-304 / BC F Adult 559 Kalamunda CLC 7/08/2015 
/ / / 000728C1EF 32001-300 / BC F / 554 Kalamunda CLC 7/08/2015 
/ / / 0007284EC9 32001-309 / BC F Sub-adult 500 Kalamunda CLC 7/08/2015 
/ / / 000725E8BB 32001-306 / BC M Adult 600 Kalamunda CLC 7/08/2015 
/ / / 00077E92E4 32001-301 / BC F Sub-adult 582 Kalamunda CLC 7/08/2015 
/ / / 00066EA8EB 32001-307 / BC F Adult 645 Kalamunda CLC 7/08/2015 
151398 2178 683960A 000728ED1B 32001-378 white/blue RTBC M Sub-adult 601 Murdoch University 26/08/2015 
151399 2176 683962A 00063927E2 32001-188 brown/blue RTBC M Adult 611 Murdoch University 26/08/2015 
151396 2177 683922A 0006E6C5D1 32001-237 orange/blue RTBC F / 572 Murdoch University 26/08/2015 
151397 2175 683923A 0006E6B944 32001-380 blue/yellow RTBC F Sub-adult 566 Murdoch University 26/08/2015 
/ / / 0007291272 32001-379 pink/blue RTBC F Adult 605 Murdoch University 26/08/2015 
/ / / 000728C340 32001-377 yellow/blue RTBC M Adult 609 Murdoch University 26/08/2015 
159146 2201 684044A 0006E6AF7D 32001-686 brown/pink CC F Sub-adult 575 Gingin (Granville park) 10/03/2016 
159147 2203 684045A 00077E6F98 32001-687 yellow/pink CC M Sub-adult 566 Gingin (Granville park) 10/03/2016 
159148 2207 684046A 000729OFC1 32001-069 yellow/yellow CC M Sub-adult 550 Gingin (Granville park) 10/03/2016 
159149 2208 684047A 00072914DC 32001-689 orange/orange CC F Sub-adult 567 Gingin (Granville park) 10/03/2016 
/ / / 000729OEAE 32001-840 orange/pink CC F Adult 630 Gingin (Granville park) 10/03/2016 
/ / / 000725B930 32001-685 white/pink CC M Sub-adult 576 Gingin (Granville park) 10/03/2016 
/ / / 000728F750 32001-688 blue/pink CC F Adult 669 Gingin (Granville park) 10/03/2016 
159150 2159 684048A 00077E6F48 32001-693 blue/blue CC M Sub-adult 555 Esperance SHS 6/04/2016 
159151 2209 684050A 000728B586 32001-696 blue/brown CC M Adult 522 Esperance SHS 6/04/2016 


















Coloured leg bands 
 
Sp. Sex Age Weight 
(gr) 
Release site Release 
date 
159153 2211 688097A 00077E6FDA 32001-692 pink/pink CC F Adult 641 Esperance SHS 6/04/2016 
/ / / 000725BAD5 32001-694 white/white CC M Adult 582 Esperance SHS 6/04/2016 
159166 2274 688135A 00077E787F 32001-391 grey/lime green RTBC F Adult 630 Nannup (Loose Goose) 2/11/2016 
159167 2275 688374A 00077E93FF 32001-396 grey/burgundy RTBC M Sub-adult 614 Nannup (Loose Goose) 2/11/2016 
159168 2276 688389A 000728BF3C 32001-405 grey/white RTBC F Adult 666 Nannup (Loose Goose) 2/11/2016 
159169 2279 688390A 00077E6E7F 32001-394 grey/blue RTBC F Adult 702 Nannup (Loose Goose) 2/11/2016 
/ / / 00077E8573 32001-395 grey/yellow RTBC F Sub-adult 663 Nannup (Loose Goose) 2/11/2016 
/ / / 00077E9135 32001-392 grey/pink RTBC F Adult 661 Nannup (Loose Goose) 2/11/2016 
159163 / 68813A 00077E9123 32001430 yellow/ dragon green CC F Adult 626 Albany 9/03/2017 
/ / / 00077EAB9D 32001439 yellow/ orange CC F Adult 606 Albany 9/03/2017 
166170 / / 00077E146C 32001440 yellow/ blue CC M Sub-adult 686 Albany 9/03/2017 
166170 2297 688555 00077E8768 32001441 yellow/ burgundy CC M Sub-adult 587 Albany 9/03/2017 
166161 2305 688570 000728E5E1 32001453 white/black BC M Adult 690 Stirling Range 4/05/2017 
166162 2306 688571 000719FE73 32001452 white/lime green BC F Sub-adult 714 Stirling Range 4/05/2017 
166163 2307 688573 000728C5E5 32001457 white/grass green BC F Adult 660 Stirling Range  4/05/2017 
166164 2308 688574 00077E9284 32001458 white/dark grey BC M Sub-adult 613 Stirling Range  4/05/2017 
/ / / 00077E6DE9 32001454 white/dragon green BC F Adult 682 Stirling Range  4/05/2017 
/ / / 0006E6CFAF 32001455 white/purple BC M Sub-adult 768 Stirling Range  4/05/2017 
/ / / 00077E6F6D 32001456 white/burgundy BC M Adult 664 Stirling Range  4/05/2017 
166165 2299 688575A 00077E662C 32001615 blue/blue RTBC F Adult 647 Shadforth, Denmark 8/06/2017 
166166 2300 688576A 00077E708F 32001617 pink/black RTBC M Sub-adult 602 Shadforth, Denmark 8/06/2017 
166167 2301 688577A 0006E6A877 32001622 lime/lime RTBC F Adult 571 Shadforth, Denmark 8/06/2017 
159156 / 688100A 00077E70CB 32001619 yellow/yellow RTBC F Adult 605 Shadforth, Denmark 8/06/2017 
/ / / 00077E6871 32001618 purple/white RTBC M Adult 665 Shadforth, Denmark 8/06/2017 
/ / / 00077E62B9 32001620 dragon green/ yellow RTBC F Sub-adult 695 Shadforth, Denmark 8/06/2017 
/ / / 00077E67F2 32001614 burgundy / burgundy  RTBC M Sub-adult 660 Shadforth, Denmark 8/06/2017 
/ / / 00077E658C 32001616 grass green/grey RTBC F Sub-adult 617 Shadforth, Denmark 8/06/2017 
/ / / 00077EAA0D 32001621 orange/orange RTBC F Sub-adult 632 Shadforth, Denmark 8/06/2017 
166171 2273 688578 00077E704E 32001630 brown/brown CC F Sub-adult 637 Gingin (Granville park) 10/08/2017 
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Sp. Sex Age Weight 
(gr) 
Release site Release 
date 
166173 2308 688580 0006EFFD41 411411 yellow/purple CC F Adult 607 Gingin (Granville park) 10/08/2017 
159159 / 688103 00077E8820 21016709 pink/blue CC F Sub-adult 691 Gingin (Granville park) 10/08/2017 
/ / / 00077E9098 32001628 dragon green/dragon green CC F Sub-adult 663 Gingin (Granville park) 10/08/2017 
/ / / 00077E685C  lime green/ lime green CC F Adult 693 Gingin (Granville park) 10/08/2017 
163582 / 669897A 00077E7038 32001462 grass green/grass green RTBC M Adult 640 Waroona (Cypress farm) 21/09/2017 
166163 2309 688573 00077E6E9C 32001464 pink/burgundy RTBC F Sub-adult 550 Waroona (Cypress farm) 21/09/2017 
166175 2310 688583 00077E8566 32001465 dragon green/dragon green RTBC F Adult 634 Waroona (Cypress farm) 21/09/2017 
163587 2311 688418 00077E8836 32001471 blue/burgundy RTBC F Sub-adult 575 Waroona (Cypress farm) 21/09/2017 
/ / / 00077E8526 32001463 purple/purple RTBC F Adult 615 Waroona (Cypress farm) 21/09/2017 
/ / / 00077E75AF 32001466 Dark grey/dark grey RTBC F Sub-adult 616 Waroona (Cypress farm) 21/09/2017 
/ / / 00077E764F 32001469 white/lime green RTBC F Sub-adult 607 Waroona (Cypress farm) 21/09/2017 
/ / / 00077E6F7A 32001468 brown/brown RTBC F Sub-adult 665 Waroona (Cypress farm) 21/09/2017 
/ / / 00077E90B5 32001470 yellow/pink RTBC F Sub-adult 615 Waroona (Cypress farm) 21/09/2017 
/ / / 00077E858C 32001467 orange/purple RTBC F Sub-adult 580 Waroona (Cypress farm) 21/09/2017 
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Appendix 3. Landgate Legend 
 
Land tenure types as defined under the official cadastre (Landgate ®,  
https://www0.landgate.wa.gov.au › pdf_file › Cadastre-Data-Dictionary): 
  
Transfer of Land Act (Type 1): Freehold land (not under the Crown), Private property 
Land Act (Type 2): Crown subdivision, Private property 
Reserve (Type 3): Crown Reserve under the Land Act. Crown reserves are land set aside on behalf 
of the community for a wide range of public purposes including environmental and heritage 
protection, recreation and sport, open space, community halls, special events and government 
services. 


































1 CC Gingin Roost 15 Gingin Brook riparian vegetation (centre) 
2 CC Gingin Roost 14 Tree line parallel to Beleura Ave  
3 CC Gingin Roost 11 
Remnant vegetation across from Gingin 
Bowling Club 
4 CC Gingin Roost 9 Gingin Brook riparian vegetation 
1 CC Gingin Forage 18 Lennards road, almond and pecan orchard 
2 CC Gingin Forage 10 Gingin Brook riparian vegetation 
3 CC Gingin Forage 8 Pine tree line along Lennards Road 
4 CC Gingin Forage 7 Private property, field with throughs 
1 CC Esperance Roost 24 
Bush block across from where Connoly St meets 
Pink Lake Rd 
2 CC Esperance Roost 21 Esperance Senior High School 
3 CC Esperance Roost 6 Bush block next to the railway along Johns St 
1 CC Esperance Forage 50 
Private Properties(Whispering Pines) along 
Longbottom Ln 
2 CC Esperance Forage 32 
Private Property (Paperbark Cottage)/ 
Longbottom Ln 
3 CC Esperance Forage 25 Esperance Senior High School 
4 CC Esperance Forage 14 Private properties near railway (Harbour Rd) 
1 BC Maida Vale Roost 7 
Private properties between Norwood 
Reserve/Roe Highway 
2 BC Maida Vale Roost 6 Private property near reserve 
3 BC High Wycombe Roost 5 Private property (near golf club) 
2 BC Maida Vale Forage 22 Remnant vegetation bordering water way 
1 BC Maida Vale Forage 35 Private property near Norwood Reserve 
1 BC Mundijong Roost 8 
Private property near Watkins Road Nature 
reserve 
2 BC Mundijong Roost 5 Roadside vegetation 
3 BC Mundijong Roost 7 Roadside vegetation 
4 BC Mundijong Roost 7 Private property near reserve 
1 BC Mundijong Forage 13 Native vegetation, Watkins Road Nature reserve 
2 BC Mundijong Forage 10 Private property /Agricultural (drinking) 
3 BC Mundijong Forage 7 Remnant vegetation bordering water way 
1 BC Stirling Range Roost 8 Native vegetation (Reserve) 
2 BC Stirling Range Roost 6 Native vegetation (Reserve) 
3 BC Stirling Range Roost 5 Native vegetation (Reserve) 
1 BC Stirling Range Forage 10 Native vegetation (Reserve) 
2 BC Stirling Range Forage 8 Native vegetation (Reserve) 
3 BC Stirling Range Forage 8 Native vegetation (Reserve) 
1 RTBC Murdoch Roost 16 Murdoch University 
2 RTBC Leeming Roost 12 Melville Glades Golf Club 
3 RTBC Willeton Roost 7 Brolga Park 
4 RTBC Manning Roost 7 Trinity College Sports fields 
5 RTBC Champion Lakes Roost 7 Champion Lakes, cattle paddocks 
1 RTBC Murdoch  Forage 42 Chelodina Reserve, MU 
2 RTBC Murdoch Forage 37 Murdoch University 
3 RTBC Willeton Forage 19 Roadside vegetation, Karel Avenue 
4 RTBC Rossmoyne Forage 19 Private property near Rossmoyne Park 
5 RTBC Applecross Forage 16 
Private property between Olives Reserve/Neil 
McDougall Park 









7 RTBC Como Forage 12 
Private property between Perth Royal Golf Club 
and Ernest Johnson Oval 
1 RTBC Darling Downs Roost 11 
Private property near Oscar Bruns 
Reserve/Darling Downs 
2 RTBC Byford Roost 6 Private property near State Forest 
1 RTBC Darling Downs Forage 47 
Private property near Oscar Bruns 
Reserve/Darling Downs 
2 RTBC Darling Downs Forage 32 Roadside vegetation near Darling Downs 
3 RTBC Byford Forage 20 Roadside vegetation near John Crescent Park 
4 RTBC Darling Downs Forage 17 Roadside vegetation/Private property 
5 RTBC Wungong Forage 15 Remnant vegetation across Fletcher Park 
 
 
